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Sensores eletroquímicos são caracterizados pelo seu baixo custo, sensibilidade e 
seletividade, podendo ser usados para a detecção rápida de diversos analitos, como moléculas 
biológicas para diagnósticos de doenças. Além disso, a versatilidade desses dispositivos 
eletroquímicos permite a sua utilização em uma ampla gama de processos eletrocatalíticos, 
como conversão de energia, incluindo a reação de evolução de oxigênio. Nesse sentido, os 
materiais à base de grafeno são uma plataforma notável para a eletrocatálise, devido às suas 
impressionantes propriedades mecânicas, estabilidade química, alta condutividade e elevada 
área superficial. O óxido de grafeno reduzido (rGO) tem sido destacado devido à presença de 
grupos funcionais oxigenados em sua estrutura, tornando-o hidrofílico e favorecendo a 
formação de compósitos. Assim, quando combinados com materiais como o azul da Prússia e 
os (oxi)hidróxidos de Ni-Fe, os compósitos com rGO apresentam propriedades sinérgicas, 
devido à sua rápida cinética de transferência de elétrons e à estabilização dos catalisadores. 
Na presente tese, as propriedades eletrocatalíticas de eletrodos convencionais e 
eletrodos impressos em 3D, modificados com grafeno e seus compósitos, foram estudadas. 
Primeiramente, focou-se na síntese fotoquímica e caracterização de compósitos de óxido de 
grafeno reduzido e azul da Prússia (AP), que apresentaram forma e tamanho controláveis de 
AP. Em seguida, o desempenho dos eletrodos de carbono vítreo limpos e modificados com os 
compósitos foram investigados para a detecção de peróxido de hidrogênio e detecção 
simultânea de ácido ascórbico, dopamina e ácido úrico. Posteriormente, um novo substrato para 
detecção de dopamina foi proposto, baseado em filamentos de compósitos de grafeno e ácido 
polilático (PLA). Assim, a partir dos filamentos, eletrodos impressos em 3D foram obtidos e 
suas propriedades eletroquímicas foram moduladas por um pré-tratamento eletroquímico. A 
partir do pré-tratamento, as folhas de grafeno foram expostas à superfície dos eletrodos, 
aumentando a resposta à dopamina. Finalmente, foi relatado o uso dos eletrodos 3D ativados 
como suporte para catalisadores baseados em (oxi)hidróxidos de Ni-Fe para a reação de 






Electrochemical sensors can be used for a fast, inexpensive and sensitive detection of 
several analytes, such as biological molecules for diseases diagnostics. The versatility of these 
electrochemical devices allows their use in wide range of electrocatalytic processes such as 
energy conversion, including the oxygen evolution reaction. In this sense, graphene-based 
materials are a remarkable platform for electrocatalysis, due to their impressive mechanical 
properties, chemical stability, high conductivity and high surface area. Reduced graphene oxide 
(rGO) has been highlighted due to the presence of oxygenated functional groups in its structure, 
making it hydrophilic and favoring the formation of composites. Thus, when combined with 
materials such as Prussian blue and Ni-Fe (oxy)hydroxides, reduced graphene oxide composites 
present synergistic properties, due to its fast electron transfer kinetics and the stabilization of 
the catalysts. 
In this thesis, we studied the electrocatalytic properties of conventional and 3D-printed 
electrodes modified with graphene and its composites. Firstly, we focused on photochemical 
one-pot synthesis and characterization of reduced graphene oxide/Prussian blue (PB) 
composites, which presented a controllable shape and size of PB. Then, the performance of bare 
and modified glassy carbon electrodes with the composites were investigated towards sensing 
of hydrogen peroxide and simultaneous detection of ascorbic acid, dopamine and uric acid. 
Later on, a new substrate for sensing of dopamine was proposed, based on graphene/polylatic 
acid (PLA) composite filaments. Thus, from the filaments, 3D-printed electrodes were obtained 
and their catalytic properties were modulated by an electrochemical pre-treatment. With the 
pre-treatment, graphene sheets were exposed to the surface of the electrodes, increasing the 
response towards dopamine. Hence, we have reported the use of the activated 3D-printed 
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3DGrE  3D-printed graphene electrode 
3DGrE-Ni  3D-printed electrode modified with nickel (oxy)hydroxide 
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This thesis consists of five chapters described as follows: 
Chapter 1 introduces the research background, comprehending the use of modified 
electrodes with graphene-based materials and it composites in sensing and energy conversion 
applications.  Moreover, it is described how 3D-printed technologies can be useful for 
production of electrochemical devices. Finally, the objectives of the thesis are presented. 
In Chapter 2, a green method is reported for the preparation of photochemically reduced 
graphene oxide/Prussian blue (PrGO/PB) nanocomposite. The morphology of PB in the 
composites is controlled by varying the irradiation time and the concentration of the precursor, 
resulting in materials with different electrochemical properties. The electrocatalytic properties 
of modified glassy carbon electrodes towards reduction of H2O2 are investigated. Then, the 
electrode with the best electrocatalytic activity is used for simultaneous of ascorbic acid, 
dopamine, and uric acid. 
In Chapter 3, a low-cost and reproducible 3D-printed graphene electrode for 
electrocatalytic detection of dopamine is developed. The electrocatalytic properties are tuned 
by using different experimental condition for electrochemical activation of the electrodes. 
  Chapter 4 focuses on the use of a Ni-Fe (oxy)hydroxide modified 3D-printed graphene 
electrodes as efficient electrocatalyst for oxygen evolution reaction (OER). It explores the effect 
of alteration in the molar concentrations of nickel and iron electrodeposited films on the 3D-
printed electrodes ability to catalyse the OER 
In Chapter 5, conclusions arising from this research as well as perspectives for future 






P. L. dos Santos, Ph.D. Thesis 
 
Chapter I  
General Introduction and Objectives 
In Chapter I, a general introduction is presented, comprehending the use of modified 
electrodes with graphene-based materials and their composites in sensing and energy 
conversion applications.  Moreover, how 3D-printed technologies can be useful for production 
of electrochemical devices has been described. Finally, the goals and an overview of each 
chapter are presented. 
 
1.1. Electrochemical sensors 
Early detection of disease plays a crucial role in successful treatment of patients. For 
example, type II diabetes globally affects c.a. 422 million people [1] and if symptoms are 
detected early, it could be well controlled by monitoring blood glucose level, preventing and/or 
retarding subsequent complications [2]. Although diabetes detection consists in simple tests to 
measure the blood glucose level, one in two diabetic adults are unaware of their diagnosis due 
to the absence of symptoms and/or limited resources in low-income countries, especially in 
remote areas [3]. Commercial blood glucose biosensors are based on electrochemical devices, 
which offer fast response, high sensitivity and selectivity, low-cost, instrumental simplicity and 
portability [4].  
Electrochemical sensors convert the information associated with the electrochemical 
reactions into a quantitative signal [5,6]. They usually contain two components: a recognition 
system (receptor) and a transducer as it can be seen in Figure I-1. The receptor selectively 
produces an electrical signal that is related specifically to the concentration of the analyte. The 
transducer can be an electrode that transfers the signal from the output domain of the 
recognition system to the electronic domain. In electrochemical biosensors, the recognition 
element is based on biological receptor, such as enzymes and antibodies [7].
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Figure I-1. Schematic representation of a sensor. Figure adapted from [8]. 
 
In glucose biosensors, glucose oxidase (GOx) enzyme is immobilized on the surface of 
an electrode in order to oxidize the substrate. Then, the reduced enzyme returns to its original 
active state by transferring electrons to molecular oxygen, producing H2O2 [9]. Since the 
concentration of H2O2 is directly proportional to the concentration of glucose (substrate), a 
redox mediator can be used for oxidation or reduction of H2O2, as it can be seen in Figure I-2. 
Redox mediators act as a recognition element [10] and Prussian blue is one of the most common 
materials used for this purpose [11], as it will be discussed later. The same design of biosensors 
based on oxidase enzymes can be used for detection of other biomolecules such as cholesterol, 
lactate, urate, and glutamate. 
 
 
Figure I-2. General scheme of an electrochemical biosensor. Figure adapted from [11]. 
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1.1.1. Detection of hydrogen peroxide 
Besides its importance in indirect sensing of glucose and other biomolecules, H2O2 plays 
a significant role in the regulation of biological functions which include apoptosis and immune 
cell activation [12,13]. Overproduction of H2O2 and other reactive oxygen species (ROS) leads 
to oxidative stress associated with aging and debilitating human diseases, including cancer, 
cardiovascular disorders and neurodegenerative diseases [14].  
 
1.1.2. Detection of dopamine, ascorbic acid and uric acid 
Dopamine (DA) is a neurotransmitter, which is involved in the regulation of cognitive 
functions such as attention, stress, rewarding behavior, and reinforcing effects of certain stimuli 
[15–17]. Therefore, disorder of DA implicates in several neurological diseases, such as 
Alzheimer’s and Parkinson's diseases, schizophrenia and depression [18–21]. The basal levels 
of extracellular dopamine are around 0.01–0.03 μmol L-1, while phasic release during a burst 
of neuronal firing can be 0.1–1.0 μmol L-1 [22,23] . 
Electrochemical detection of DA can be affected by interfering species such as ascorbic 
acid and uric acid, which coexist at a higher concentration than DA in the brain. Ascorbic acid 
(AA) is one of the most abundant antioxidants in central nervous system [24,25] and uric acid 
(UA) acts as an antioxidant in cerebrospinal fluid [26]. 
 
1.2. Electrode modifiers for sensing applications 
It is expected that attaching new molecules or materials to a working electrode, the 
physicochemical properties of the modifier can be transferred to its surface. As described in 
section 1.1 of this work, the specificity of biosensors can be attributed to the immobilization of 
enzymes and antibodies on the surface of the electrodes. Thus, modification of electrodes can 
benefit the performance of the electrochemical sensors, due to the improvement of sensibility, 
minimization of interfering species and enhancement of electron transfer kinetics. For sensing 
of the biomolecules described in sections 1.1.1 and 1.1.2, graphene-based materials and its 
composites with Prussian blue have been extensively used [27–33], due to their structural, 
electrochemical and electrocatalytic properties, as it will be presented in the next sections.  
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1.2.1. Prussian blue 
1.2.1.1. Structure and electrochemical properties 
Prussian blue is the oldest coordination compound reported in the literature and is used 
as a pigment since the XVIII century [34]. The pioneering study on structure of PB was reported 
by Keggin and Miles [35] based on powder diffraction patterns, and refined by Ludi et al. [36] 
from single crystals by neutron diffraction measurements. Prussian blue has a face-centered 
cubic (fcc) unit cell with dimension of 10.2 Å, in which alternating Fe(II) and Fe(III) are bound 
through cyanide bridges (Figure I-3). The metal centers Fe(II) and Fe (III) are octahedrally 
surrounded by carbon and nitrogen, respectively. Moreover, PB can be divided into insoluble 
(FeIII4[Fe
II(CN)6]3·nH2O) and soluble (KFe
III[FeII(CN)6]), depending on the presence of cations 
in its structure (Figure I-3) [37]. 
 
  
Figure I-3. Representation of a unit cell of Prussian blue: (A) insoluble, 
FeIII4[Fe
II(CN)6]3·nH2O and (B) soluble, KFe
III[FeII(CN)6]. Figure extracted from [38] 
 
The zeolitic structure of PB, with cavities of 3.2 Å [39], is permeable for ions or small 
molecules, which favors its application in several fields such as hydrogen storage [40], sodium 
batteries [41], environmental decontamination [42], treatment of radioactive cesium and 
thallium poisoning, [43,44] and sensors [11].  
Prussian blue has found applications in electrochemical devices due to its well-known 
electrochemical properties. Additionally, reduction and oxidation of PB are accompanied by a 
color change, which is very attractive for electrochromic applications [45]. As it can be seen in 
Figure I-4, the cyclic voltammogram of PB has two well-defined pairs of redox processes. The 
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first one, near to 0.20 V vs. Ag/AgCl, is ascribed to the electrochemical reaction of Prussian 
blue (FeIII–FeII)/Prussian white (FeII–FeII). The second pair, close to 0.85 V vs. Ag/AgCl, is 
associated to electrochemical process between Prussian blue (FeIII–FeII) and Berlin green (FeIII–
FeIII). Equations (I-1)-(I-2)  and Equations  (I-3)-(I-4) are ascribed to the electrochemical 
reactions of “soluble” and “insoluble” forms of PB, respectively [46,47].  
 
 
Figure I-4. Cyclic voltammogram of 3D-printed electrode modified with PB in 0.1 mol L-1 HCl 
containing 0.1 mol L-1 KCl at 5 mV s-1. Figure adapted from [48]. 
 
1.2.1.2. Electrocatalytic Properties 
Itaya and co-workers demonstrated for the first time the electrocatalytic properties of 
Prussian white (PW, reduced form of Prussian blue) for the reduction of O2 and H2O2 in 1984 
[39]. The catalytic activity of PW was attributed to its porous structure, which allows diffusion 
KFeIII[FeII(CN)6]  +  K
+ + e− ⇆ K2Fe
II[FeII(CN)6]  (I-1) 
KFeIII[FeII(CN)6]  ⇆ Fe
III[FeIII(CN)6] + K
+ + e− (I-2) 
Fe4
III[FeII(CN)6]3  +  4K
+ +  4e− ⇆ K4Fe4
II[FeII(CN)6] (I-3) 
Fe4
III[FeII(CN)6]3  +  3A
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of small molecule e.g. O2 and H2O2 [39,49]  into the PB cavities, close to the catalytic center, 
Fe2+ ions (Figure I-5). Mažeikiene et al. [50] confirmed by in-situ Raman 
spectroelectrochemistry that the electrocatalytic reduction proceeds within the modifier layer 
rather than at an outer modifier/electrolyte interface. 
 
 
Figure I-5. Presence of H2O2 in the vacancies of unit cell of PB. Figure adapted from [45]. 
 
Therefore, the good selectivity towards the reduction of H2O2 with a catalytic rate 
constant of 3.0×103 M-1 s-1, comparable to the enzymatic rate for the peroxidase (2.0×104 M-1 
s-1) makes the PB an “artificial peroxidase” [29]. The low potential where the H2O2 is reduced 
excludes interference of other metabolites (such as glucose, ascorbic acid, and uric acid) [27]. 
Furthermore, the zeolitic structure prevents the approximation of macromolecules to the 
catalytic site of PB [51]. 
In the last years, graphene-based materials have been used for synthesis of composites 
with PB in order to increase the stability of the films and the electron transfer rate constant, 
resulting in sensors with enhanced performance [27,30–33,52]. 
 
1.2.2. Graphene based materials 
1.2.2.1. Structure and Properties 
Graphene is a two-dimensional (2D) sheet of carbon atoms bonded by sp2 bonds in a 
hexagonal configuration, which can be wrapped up into 0D fullerenes, rolled into 1D nanotubes 
or stacked into 3D graphite (Figure I-6) [53]. Graphene can be considered as an ideal electrode 
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material or electrode modifier because of its superior electrical conductivity (64 mS cm−1, c.a. 
60 times more than that of single-walled carbon nanotubes) and its large theoretical surface area 
(2630 m2 g−1), which is greater than those of graphite (∼10 m2 g−1) and carbon nanotubes 
(1315 m2 g−1) [53,54].  
 
 
Figure I-6. Structure of graphene, fullerene, carbon nanotube and graphite. Note that graphene 
is a 2D building material for carbon allotropes. Figure extracted from [53]. 
 
Graphene was experimentally discovered in 2004 by Novoselov et al. [55], who 
reported a micromechanical cleavage technique (“Scotch-tape” method) for exfoliation of 
graphite, producing graphene. Although the method is characterized by its simplicity, it is 
limited by its low yield. Additionally, transferring graphene to the surface of electrodes can be 
a challenge concerning the construction of sensors [56]. 
On the other hand, chemical exfoliation of graphite (Hummers method) is a good 
alternative for inexpensive and large-scale production of functionalized graphene. Hummers 
method involves oxidation of graphite to graphite oxide by strong acids/oxidizers and its 
subsequent exfoliation to graphene oxide (GO) [57]. The presence of oxygen containing 
functional groups, such as hydroxyl, epoxy, and carboxyl groups, makes GO hydrophilic. Thus, 
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GO can be dispersed in many solvents, which facilitates it deposition on various kinds of 
electrodes by drop-casting, spraying or spin-coating [58,59]. However, GO is electrically 
insulating, due to its disrupted sp2 bonding network and the high content of oxygenated 
functionalities in its structure [60]. Therefore, reduction of GO can be performed in order to 
decrease the amount of oxygen-containing functional groups, resulting in a conducting material, 
which is known as reduced graphene oxide (rGO) [61]. Several methodologies have been used 
to reduce GO, such as chemical [62], thermal [63], electrochemical [64] and photochemical 
methods [65]. A schematic representation of the steps involved in the preparation of GO and 
rGO is depicted in Figure I-7. 
 
 
Figure I-7. Steps for preparation of graphene oxide and reduced graphene oxide.  
 
1.2.2.2. Electrochemical Properties 
The challenge in using GO and rGO as electrode modifiers for sensing application is to 
reach an equilibrium between electrical conductivity and specific interactions between the 
surface and molecular targets. In this context, light-driven reduction of GO has been reported 
as an excellent strategy to control the amount of oxygen-containing functional groups in 
photochemically reduced GO (PrGO)[65]. By varying the irradiation time of GO suspensions, 
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the electrochemical properties of modified glassy carbon electrodes (GCE) can be modulated 
as depicted in Figure I-8. 
 
Figure I-8. Nyquist plots of bare (GCE) and modified glassy carbon electrodes with graphene 
oxide (GO), chemically reduced graphene oxide (CrGO) and photochemically reduced 




 containing 0.1 mmolL
−1 KCl. CrGO with a higher reduction degree was 
obtained by chemical reduction using hydrazine. PrGO were obtained by irradiation of GO 
using light emitting diodes ( = 400 nm, 12 W) for 12, 24 and 48 h, labelled as PrGO_12h, 
PrGO_24h and PrGO_48h. Figure extracted from [65].  
 
Although oxygen-containing groups increase the charge transfer resistance in graphene-
based materials, they can demonstrate high affinity for biological molecules[66].  
 
Figure I-9. Proposed different the electrochemistry of DA and AA on GO/GCE. Figure adapted 
from [66]. 
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The electrocatalytic properties of GO and rGO also can be modulated by using different 
reduction methods. In this regard, de Camargo et al. [64]reported the influence of C-O/C=O 
functional groups on the electrocatalytic properties of electrochemically reduced graphene 
oxide (ErGO). ErGOs with modulated reduction extent were obtained by applying a negative 
potential for different times periods, resulting in different responses towards electro-oxidation 
of NADH as it can be seen in Figure I-10.  
 
 
Figure I-10. Relationship between the anodic peak current (Ip) produced by electrooxidation 
of NADH and the reduction time used for production of ErGOs. For the preparation of the 
materials, –1.5 V vs. Ag/AgCl was applied for 5, 10, 20, 30, 45 and 60s. The measurements 
were performed in the presence of 1 mmol L-1 NADH. Figure extracted from [64]. 
 
1.3. Energy conversion 
The global demand for energy has grown in the last years and a 30% increase is 
predicted between 2016 and 2040 [67] to cater to human needs of electricity, communication 
and mobility. In this scenario, the main energy supply comes from non-renewable sources such 
as fossil fuels (FF), coal, oil and natural gas being among them [68]. However, emission of CO2 
and other greenhouse gases are associated to FF combustion, which contributes to air pollution, 
climate change and global warming. Many efforts have been made to develop substitutes of FF, 
including wind and photovoltaic energy, which are dependent on the wind power and the 
intensity of solar radiation, exhibiting strong seasonal behaviors [69]. Thus, hydrogen fuel cell 
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emerges as a promising alternative [70], due to the high efficiency of hydrogen and zero 
emission of carbon gases [71]. 
In nature, hydrogen does not occur in its molecular form and it can be produced from 
an abundant resource, water. Water electrolysis can be proceeded in acid or alkaline conditions. 
It consists of two half-reactions, the production of oxygen at the anode, known as the oxygen 
evolution reaction (OER), and the production of hydrogen at the cathode, the hydrogen 
evolution reaction (HER) [72,73], as described below: 
 
Overall reaction:   
2H2O + Energy → O2 + 2H2 (I-5) 
Acid media, pH 0: 
4H+ + 4e− ⇌ 2H2 𝐸𝑐 = 0.00 V (I-6) 
2H2O ⇌ O2 + 4H
+ + 4e− 𝐸𝑎 = −1.23 V (I-7) 
Alkaline media, pH 14: 
4H2O + 4e
− ⇌ 2H2 + 4OH
− 𝐸𝑐 = −0.83 V (I-8) 
4OH− ⇌ O2 + 2H2O + 4e
− 𝐸𝑎 = −0.40 V (I-9) 
 
Since the oxygen evolution reaction is both thermodynamically and kinetically 
unfavorable, it requires a catalyst to be accomplished. Metallic iridium and ruthenium 
electrodes can be used as highly active electrocatalysts for OER [74]. However, noble-metal 
electrodes are limited for potential application on a large scale due to their high-cost and 
scarcity. On the other-hand, carbon-based electrodes are widely used in electrochemistry due 
to their easily renewable surface, low electrical resistance and low-cost. Additionally, they have 
been widely used as substrate for immobilizing electrocatalyst. 
 
1.4. Electrode modifiers for energy conversion applications 
Due to the kinetic barriers of the OER, the experimental voltage required for the reaction 
to take place (Eexp) is higher than the thermodynamic standard potential, (E
0). The difference 
between them is called overpotential ( = Eexp – E
0). Then, modified electrodes with 
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electrocatalysts can reduce the overpotential and increase the current response in comparison 
with bare/unmodified electrodes [75], as it can be seen in Figure I-11. 
 
 
Figure I-11. Schematic representation for the water oxidation on bare and modified electrodes. 
The terms Medred and Medox correspond to the reversible mediator of reduced and oxidized 
states, respectively. Note that 1 and  2 correspond to the overpotentials of the uncatalysed and 
catalysed water oxidation, 1 >  2. Figure adapted from [75]. 
 
An ideal electrocatalyst should be inexpensive, should have low overpotential, high 
stability and high earth abundance. Among the possibilities, Ni-Fe layered double 
(oxy)hydroxides are one of the most active catalysts for the oxygen evolution reaction. 
 
1.4.1. Nickel-iron (oxy)hydroxides 
Nickel hydroxide, NiII(OH)2, have been used as anodes for water electrolysis due to its 
good stability in alkaline conditions, earth abundance and electrocatalytic activity. In 1987, 
Corrigan [76] reported the improvement of the OER kinetics by the presence of iron impurity 
in nickel oxide. The higher electrocatalytic activity can be associated to the enhanced 
conductivity of the bimetallic material [77]. Additionally, Ni or Fe as catalytic active sites have 
both been reported, which was confirmed by the presence of high valence states of NiIV or FeIV 
[78,79]. However, the exact roles of iron in the performance of the electrocatalysts are still 
under investigation. 
Therefore, intentional incorporation of iron has been performed to produce highly active 
nickel-iron Layered Double Hydroxide (LDHs). Ni-Fe LDH is a two-dimensional (2D) 
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intercalated material, which consists in positively charged brucite-like layers (Figure I-12A) 
with charge-balancing anions and water molecules in the interlayer region (Figure I-12B) [80]. 
The positive charge of the layers is a result of the substitution of divalent cations (Ni2+) by 




x+(An−)x/n·yH2O, where x is the molar ratio of Fe that is incorporated, A
n− is 
the interlayer anion and y is the amount of water that is intercalated [81]. 
 
Figure I-12. The unit cell (black lines) and layers with four metal atoms each are shown for the 
fully protonated form of (a) Brucite-like β-Ni(OH)2 and (b) hydrotalcite-like NiFe LDH with 
intercalated water and carbonate anions (randomly distributed). Figure extracted from [80]. 
 
The poor electrical conductivity of Ni-Fe (oxy)hydroxide can affect its performance for 
the OER. In order to solve this problem, reduced graphene oxide can be used as a support for 
electrocatalysts, enhancing the conductivity of the hybrid material and accelerating the electron 
transfer kinetics. The support can also improve the dispersibility of the catalysts, exposing the 
active sites. Moreover, oxygen-containing functional groups in rGO can stabilize Ni-Fe 
(oxy)hydroxides layers by electrostatic attraction, elongating the life–time of electrocatalysts 
[82]. 
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1.5. 3D-Printed electrodes 
3D printing or additive manufacturing technology have been considered a useful tool 
for fabrication of complex 3D structures, due to its simplicity, low-cost, waste minimization 
and fast prototyping, offering many advantages over the subtractive manufacturing techniques 
(Figure I-13).  
 
 
Figure I-13. Comparison between (A) subtractive and (B) additive manufacturing. Figure 
extracted from [83]. 
 
Among 3D printing techniques, two of them have been standing out in the last years. 
The first one is the selective laser melting (SLM) where electrodes of stainless steel can be 
carefully printed, and used in electroanalytical sensing of acetaminophen, dopamine [84], and 
phenols [85]. SLM technique is a part of the powder-based 3D printing process, the most 
suitable for 3D metal objects. Another 3D printing process is extrusion, the most commonly 
used for thermoplastic materials, offering low cost and operational simplicity. In the 
manufacturing process, polymeric materials are melted, and their deposition is controlled by an 
extruder [86,87]. This technique is called fused deposition modelling (FDM) [88]. 
Briefly, 3D printing process (Figure I-14) begins with a virtual model of the object, 
using computer-aided design (CAD). When created, the 3D model is converted to STL 
extension, universal format read by 3D software, which converts data to G-Code known as 
“slicing process”. This process transforms the 3D model in a sequence of 2D layers including 
information related to the pathway to be followed by the extruder during the printing process 
[83,88]. 
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Figure I-14. Schematic representation of a 3D-printing process. Figure extracted from [83]. 
 
Due to the simplicity of operation and printing costs, FDM - 3D printers have gained 
popularity, allowing them to quickly spread into the market. Specially in electrochemistry, the 
technique has been used to fabricate electrochemical cells (Figure I-15A). Recently, our groups 
have fabricated a 3D-printed electrochemical cell for in-situ Raman measurements (Figure 
I-15B). Since graphene can be incorporated into acrylonitrile-butadiene-styrene (ABS) and poly 
lactic acid (PLA) matrices, conductive filaments can be produced [87]. Therefore, FDM 
technique emerges as a promising alternative for the development of conductive electrodes 
based on graphene for sensing and energy applications [89–92]. 
 
 
Figure I-15. Pictures of (A) an electrochemical cell and (B) a spectroelectrochemical cell. 
Figures extracted from [48,90]. 
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1.6. Objectives 
The objective of this thesis is to investigate the electrocatalytic properties of 
conventional and 3D-printed electrodes modified with graphene-based materials and their 
composites. The specific objectives of the research are as follows: 
i. To synthesize reduced graphene oxide/Prussian blue composites by 
photochemical methods. 
ii. To investigate the performance of a conventional glassy carbon electrode 
modified with the photochemically obtained composite towards sensing of 
hydrogen peroxide and simultaneous detection of ascorbic acid, dopamine and 
uric acid. 
iii. To modulate the electrocatalytic properties of 3D printed electrodes towards 
oxidation of dopamine by an electrochemical activation method.   
iv. To investigate the use of 3D-printed electrodes as support of Ni-Fe 
(oxy)hydroxides electrocatalysts for oxygen evolution reaction.
34 
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Chapter II  
Photochemically synthesized Prussian blue/reduced 
graphene oxide nanocomposite for sensing 
applications 
 
The content of Chapter II is an adaptation of the article entitled “Photochemical one-pot 
synthesis of reduced graphene oxide/Prussian blue nanocomposite for simultaneous 
electrochemical detection of ascorbic acid, dopamine, and uric acid” by Pãmyla Layene dos 
Santos, Vera Katic, Kalil C. F. Toledo and Juliano Alves Bonacin reprinted with permission 
from Sensors and Actuators B: Chemical © 2017 Elsevier B. V, Appendix B.  
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2.1. Introduction 
Detection of H2O2 has a great importance in clinical, environmental protection and food 
control analyses. In this sense, enzyme-based sensors have a high chemical specificity to the 
target analyte and detection of H2O2 can be performed by using proteins such as horseradish 
peroxidase [93], hemoglobin [94] and cytochrome c [95]. However, these kinds of sensors show 
drawbacks, such as high cost, instability due to the denaturation of the biomolecules and limited 
lifetime [96]. Thus, Prussian blue (PB) modified electrodes has been used as enzyme-free 
sensor, due to its electrocatalytic activity of towards reduction of H2O2 [39].  
On the other hand, the practical application of PB for sensors is still limited due to its 
electrochemical properties that are dependent on factors such as the nature of the supporting 
electrolyte, the pH, the size and morphology of Prussian blue and the presence of water in its 
lattice. Regarding the influence of the supporting electrolyte on the electrochemical properties 
of PB, Itaya et al. reported that only a few cations promote the electroactivity of PB: K+, NH4
+, 
Rb+, and Cs+. Other cations such as Li+, Na+, H+, Mg2+, and Ca2+ block the redox reaction 
between PB and PW. The observed behavior is explained by the fact that the entrapment of 
cations accompanies the reduction of PB to PW in the film where the process is dependent on 
the hydrated ionic radii and the channel radius in the PB lattice [47]. The influence of pH on 
the stability of PB films is also well described in the literature. For example, for neutral or 
alkaline solutions it is observed a strong interaction between ferric ions and hydroxide ions to 
form iron hydroxide. The process leads to the destruction of the Fe2+–(CN)–Fe3+ bond and 
consequently to solubilization of the PB. Thus, it limits the use of the PB films in biosensing of 
molecules in physiological solutions (pH 7.4) [97]. Zhang et al. reported that PB nanoparticles 
have superior or even new catalytic properties compared to the bulk, due to the increased 
surface- to-volume ratios and chemical potentials [98]. Recently, the same research group 
affirmed that the water-occupied vacancies in the structure of PB can promote a lattice 
distortion, affecting the Coulombic efficiency and damaging the electrochemical performance 
[33]. 
To solve the problems related to stability in neutral solutions, carbon nanomaterials such 
as carbon nanotubes and graphene-based materials have been employed as supports for the 
immobilization of PB due to their mechanical properties, chemical stability, high conductivity 
and high surface area [30,32,52,99,100]. Reduced graphene oxide (rGO) has been highlighted 
due to the presence of oxygenated functional groups in its structure, which makes it hydrophilic 
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and favors the formation of composites in situ, rGO also can promote a fast electron transfer 
between the electrode and PB [101]. Aiming the fabrication of electrochemical hydrogen 
peroxide sensor, Takahashi et al. showed that rGO modified glassy carbon electrodes exhibited 
improved sensing performance for H2O2 detection compared to the unmodified electrode [102]. 
Additionally, production of reduced graphene oxide with the controlled number of functional 
groups and conductivity also contributes to the performance of the sensor. In this sense, the 
photochemical reduction is reported as a green method and allows the tuning of the 
electrochemical properties of rGO [65]. 
Prussian blue and its related compounds can be produced by different strategies such as 
chemical route [103], electrochemical [104,105], hydrothermal [106], sonochemical [107] and 
photochemical [108]. Photochemical methods for synthesis of nanomaterials present 
advantages such as mild synthesis condition, spatial and temporal control, ability to change 
conditions in a stepwise manner, specific rate control and morphology control [109,110]. 
Moreover, nanocomposite produced by photoreduction of GO and the conversion of 
nitroprusside in PB can increase the stability of the film in electrochemical experiments and 
can be applied as electrochemical layer in sensing of molecules of clinical interest.  
In this chapter, a one-pot green method for the preparation of photochemically reduced 
graphene oxide/Prussian blue (PrGO/PB) nanocomposite using sodium nitroprusside as 
precursor of Prussian blue was reported. In this method, the photochemical reduction of 
graphene oxide without reducing agents and formation of Prussian blue nanocubes occur 
simultaneously. The size and catalytic properties of Prussian blue nanocubes could be 
controlled by varying the concentration of sodium nitroprusside, as observed in the 
electrochemical response toward H2O2. The produced composite was used in simultaneous 




Graphite flakes (Graflake 99580, 99.50% purity) were provided by Nacional de Grafite, 
Brazil. Sodium nitroprusside (Na2[Fe(CN)5NO]), potassium permanganate (KMnO4), sulfuric 
acid (H2SO4 reagent grade, 95.0-98.0%) and hydrogen peroxide aqueous solution (H2O2, 30.0 
wt%) were purchased from Synth, Brazil. Dopamine hydrochloride (C8H11NO2·HCl), ascorbic 
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acid (C6H8O6), uric acid (C5H3N4O3Na), potassium hexacyanidoferrate(III) (K3[Fe(CN)6]) and 
chloride hexahydrate (FeCl3·6H2O) were purchased from Sigma-Aldrich. Potassium 
hexacyanidoferrate(II) trihydrate (K4[Fe(CN)6]·3H2O) was purchased from Acros Organics. 
Potassium dihydrogen phosphate (KH2PO4) and potassium hydroxide (KOH) were purchased 
from Dinâmica and Synth, respectively, and used to prepare phosphate buffer solution (PBS, 
pH = 7.4, 0.1 mol L−1). Acetic acid (CH3CO2H, 99.7%) and sodium acetate were purchase from 
Synth and used to prepare acetate buffer solution (ABSol, pH = 6.0). All other chemicals were 
of analytical grade and used without any further purification and the aqueous solutions were 
prepared with ultrapure water (>18 MΩ cm) obtained from a Milli-Q Plus system (Millipore). 
 
2.2.2. Synthesis of the materials 
2.2.2.1. Graphite Oxide 
Graphite oxide was synthesized using a modified Hummer’s method [57]. Briefly, 1.0 
g of graphite flakes was added into a rounded bottom flask containing 100.0 mL of 98.0% 
H2SO4 under stirring and with controlled temperature (< 40°C). Afterwards, after every 12 
hours, during 5 days, 0.5 g of KMnO4 was slowly added to the reaction generating a 
characteristic green color attributed to the oxidizing agent, dimanganese-heptoxide (Mn2O7), as 
described in Equations (II-1) and (II-2). 
 







− → Mn2O7 (II-2) 
 
In sequence, 250.0 mL of ultra-pure water (in ice form) was added and, subsequently, 
4.0 mL of 30% H2O2 was poured to deplete residual KMnO4 in preparation for the purification 
process. The resulting solution was centrifuged and washed with deionized water and a 5% HCl 
(v/v) solution. After this, several washes with water were performed to remove acidic species. 
Finally, graphite oxide dispersed in water was purified by dialysis using cellulose tubular 
membrane for one week to remove the remaining salt impurities. The resulting suspension 
presented a GO concentration of 1.0 mg mL-1 and was stored in this form. 
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2.2.2.2. Graphene oxide 
Graphene oxide (GO) was obtained by exfoliation of the 1.0 mg mL-1 graphite oxide suspension 
with an ultrasonic bath for 10 minutes.  
 
2.2.2.3. Photochemically reduced Graphene Oxide 
Photochemically reduced graphene oxide (PrGO) was obtained according to previously 
reported method [65]. Quart cuvettes containing GO suspension (1.0 mg mL-1) were irradiated 
for 24 h in a lab-made photoreactor (Figure II-1) using 4 light emitting diodes (LED) model 
UV Emmiter 3W (λmax=400 nm, refer to Figure II-2 for the emission spectrum). 
 
2.2.2.4. Prussian blue 
Traditional Prussian blue (PBT) was prepared by adding 25 mL of 1.0×10-2 mol L-1 
potassium hexacyanidoferrate(II) to 25 mL of 1.0×10-2 mol L-1 iron(III) chloride. After 
15minutes, PBT was precipitated in acetone and isolated by centrifugation. 
Prussian blue (PB) was obtained photochemically from sodium nitroprusside 
(Na2[Fe(CN)5NO], SNP), using the lab-made photoreactor depicted in Figure II-1. Quartz 
cuvette containing 1.0×10-2 mol L-1 SNP was irradiated during 24 h. 
 
2.2.2.5. Prussian blue/Photochemically reduced graphene composites 
Prussian blue/Photochemically reduced graphene oxide composites (PB/PrGO), labeled 
PB/PrGO_25, PB/PrGO_50, PB/PrGO_75 and PB/PrGO_100, were prepared by irradiation of 
a mixture (1:1 v/v) of SNP aqueous solutions 0.25×10-2, 0.50×10-2, 0.75×10-2, 1.00×10-2 mol 
L-1 and GO suspension (1.0 mg mL-1) for 24 h in the photoreactor depicted in Figure II-1, 
respectively. 
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Figure II-1. Digital photos of the lab made photo-reactor used for photochemical obtention of 
Prussian blue, photoreduced graphene oxide and photoreduced graphene oxide/Prussian blue 
nanocomposite (side view). Quartz cuvette is visible in the central slot with the four 
heatsinks/LED devices disposed around it. (Left) off mode, (Right) on mode. 
 
 
Figure II-2. Emission spectrum in UV-Vis region of the light emitting diodes (LED) sources 
used in the photo-irradiation. Model UV Emitter 3W (max=400nm). 
 
2.2.3. Characterization 
UV–vis spectra were recorded on an HP Agilent 8453 spectrophotometer. Raman 
spectra were recorded at room temperature using a Confocal T64000 spectrometer from Jobin 
Yvon with a He/Ne laser 633 nm. Samples for Raman were prepared by drop casting of 1.0 mL 
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of PrGO, PB and PrGO/PB_100 composite suspensions on glass slide. The X-rays 
diffractograms were obtained using a Shimadzu 7000 XRD diffractometer (40 kV, 30 mA) with 
Cu Kα X-rays (λ = 1.5418 Å), the diffraction data were recorded at a scanning rate of 2.0° min−1 
with the 2θ angles between 2° and 60°. The morphology of the products was characterized by 
FEI Quanta FEG 250 field emission gun scanning electron microscope operating at 2.0 kV. 
Spectroradiometer LuzChem SPR-4002 was used to obtain the absorption spectra and power of 
LEDs. 
 
2.2.4. Modification of the electrodes 
Prior to the modification of the electrodes, glassy carbon electrodes (GCE) were 
carefully polished successively with 1.0, 0.5 and 0.3 m alumina, sonicated in ethanol:water 
(1:1 v/v) for 10 min and rinsed with Milli-Q water. Modified glassy carbon electrodes were 
prepared by casting of 5.0 L of suspensions of PrGO (0.5 mg mL-1), PB (0.5 mg mL-1) and 
PB/PrGO nanocomposites (0.5 mg mL-1) on the surface of GCE, which were dried overnight 
under vacuum at room temperature. Then, the modified electrodes were activated by applying 
10 voltammetric cycles from -0.2 V to 0.5 V in a solution of HCl 0.01 mol L-1 containing KCl 
0.1 mol L-1 (pH 1.0) at a scan rate of 50 mV s-1. Afterwards, the electrodes were dried in an 
oven at 100°C for 2h, followed by rinsing with distilled water.  
 
2.2.5. Electrochemical characterization  
Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) 
measurements were performed on an AUTOLAB modular electrochemical system (ECO 
Chemie, Utrecht, Netherlands) equipped with a STAT 12 module and driven by Nova 2.1 
software in conjunction with a conventional three-electrode electrochemical cell and a personal 
computer for data storage and processing. Glassy carbon electrode (GCE) was employed as 
working electrode (bare or modified); Ag/AgCl (3.0 mol L-1 KCl) as reference electrode, a Pt 
wire as the counter electrode; and 0.1 mol L-1 KCl solution containing 5.0 mmol L-1 of 
K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) was used as supporting electrolyte. The frequency range from 
50.0×103 Hz to 5.0×10-2 Hz was used for EIS experiment, with the formal potential of 0.1 V vs. 
Ag/AgCl for the redox couple, [Fe(CN)6]
3-/4. Before each experiment, the electrolyte solution 
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was purged with N2 for at least 10 min to remove dissolved O2 and kept under N2 atmosphere 
during measurements. All electrochemical measurements are performed at room temperature. 
The electrochemical active surface areas of the bare and modified were determined by 
cyclic voltammetry in 5.0 mmol L-1 of [Fe(CN)6]
3- and 0.1 mol L-1 KCl at different scan rates. 
The slopes of the plot of the peak current (ip) versus the square root of the scan rate (
1/2) were 
used to calculated the electroactive areas, according to the Randles-Ševčíck equation, Equation 
(II-3) 
 
𝑖𝑝 = 2.69 ×  10
5 𝑛3/2𝐴𝐷1/2𝐶𝜐1/2 (II-3) 
 
where 𝑖𝑝 is the peak current, 𝑛 is the number of electrons transferred in the electrochemical 
process, 𝐴 is the electrochemical active surface area (cm2), 𝐷 is the diffusion coefficient of 
[Fe(CN)6]
4-/3- (7.6×10-6 cm2 s-1, [111]), 𝐶 is the redox probe concentration (mol cm-3) and  is 
the voltammetric scan rate (V s-1). 
 
2.2.6. Detection of hydrogen peroxide 
Electrochemical detection of H2O2 was carried out in the same equipment with a 
conventional three-electrode electrochemical cell. Cyclic voltammetry measurements were 
performed from -0.2 V to 0.5 V vs. Ag/AgCl, at a scan rate of 50 mV s-1, upon successive 
addition of 0.1 mol L-1 H2O2 stock solution, under N2 atmosphere. Phosphate buffer solution 
(0.1 mol L-1, pH 7.4) containing 0.1 mol L-1 KCl was used as supporting electrolyte. 
 
2.2.7. Detection of ascorbic acid, dopamine and uric acid 
Electrochemical detection of AA, DA and UA was carried out separately and in a 
mixture of the three compounds. The concentration of one molecule was changed, while the 
concentration of the other substances remained constant (1.0 mmol L-1). Cyclic voltammetry 
measurements were performed from -0.2 V to 0.5 V vs. Ag/AgCl, at a scan rate of 25 mV s-1, 
upon successive addition of 5.0 mmol L-1 AA, DA or UA stock solution, under N2 atmosphere. 
Acetate buffer solution (0.1 mol L-1, pH 6.0) containing 0.1 mol L-1 KCl was used as supporting 
electrolyte. 
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2.3. Results and discussion 
2.3.1. Photochemical synthesis of the nanocomposite 
There are few reports in the literature on the production of Prussian blue via UV 
irradiation of cyanidoferrate complexes, e.g. [Fe(CN)5(NO)]
2- and [Fe(CN)6]
3- [112,113]. 
However, the focus of the most of these studies are photochemical properties of these 
complexes and not the PB production [114]. Also, photochemical reduction of graphene oxide 
is considered as a good method to control the reduction extent of graphene oxide and its 
electrochemical properties[65]. Thus, considering the many advantages of the photochemical 
strategy to produce nanomaterials, we synthesized photochemically reduced graphene 
oxide/Prussian blue (PrGO/PB) nanocomposite in situ using a lab-made photoreactor (Figure 
II-1) containing LEDs as a source of UV radiation with a maximum emission at 400 nm (Figure 
II-2). In the proposed method, it is expected that the oxygenated functional groups in the GO 
can be used as support for the growth of PB cubes. Moreover, aiming the electrochemical 
application, the electronic charge transfer resistance can be decreased by promoting the 
photoreduction of GO and simultaneous production of PB[65]. 
To investigate the formation of the composite by the proposed method, an optimization 
of the concentration of the PB precursor (sodium nitroprusside, SNP) and the irradiation time 
was carried out. The diffractograms of SNP and the traditional Prussian blue obtained by the 
chemical method (PBT) are found in Figure II-3. Diffractogram of PBT, Figure II-3A, presents 
reflections, which can be indexed as a face-centered-cubic phase of Fe4[Fe(CN)6]3[36], in 
accordance with JCPDS card No 01-0239. The diffractogram of SNP, depicted in Figure II-3B. 
is in good agreement with the literature values (JCPDS card No 33-1271).  
To optimize the time of photoirradiation, cuvettes containing SNP solutions (1.0×10-2 
mol L-1) were irradiated in the photoreactors at pre-selected time intervals. The products of the 
photoreactions using UV LEDs were analyzed by XRD and their diffractograms are presented 
in the Figure II-4. The LED system led to complete conversion of SNP in PB after 24 hours.  
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Figure II-3. XRD patterns for (A) Prussian blue obtained by the traditional chemical method 
(PBT) and (B) sodium nitroprusside (SNP). 
 
 
Figure II-4. Comparison between XRD patterns of PBT and the samples formed from the 1.00 
x 10-2 mol L-1 SNP after 8h, 12h and 24 hours of photochemical reaction using the LED system.  
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The range of concentration of PB precursor for the formation of the composite was 
optimized keeping the time constant for 24 hours. The diffractograms present in Figure II-5 
show the complete conversion of SNP in PB when the concentration of SNP is greater than or 
equal to 0.25×10-2 mol L-1 and less than or equal to 1.00×10-2 mol L-1. Therefore, the 
concentrations of SNP of 0.25×10-2, 0.50×10-2 and 1.00 x 10-2 were used for the modulation of 
the size of PB cubes in the composite. 
 
 
Figure II-5. XRD patterns the samples formed from the SNP concentrations of 1.00×10-4, 
1.00×10-3, 0.25×10-2, 0.50×10-2, 0.75×10-2, 1.00×10-2 and 1.00×10-1 mol L-1 after 24 hours of 
photochemical reaction using the LED system. 
 
A comparison between the diffractograms of the PrGO/PB_100 and its precursors is 
depicted in Figure II-6, confirming the presence of a pure face-centered-cubic phase of Prussian 
blue in the composite.  
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Figure II-6. Comparison of X-Ray diffraction patterns of Prussian blue, Photoreduced 
graphene oxide and PB/PrGO composite obtained photochemically. 
 
Effects of structural changes were evaluated by UV-Vis spectroscopy (Figure II-7B). 
The presence of PB was confirmed by the disappearance of the MLCT band associated with 
sodium nitroprusside complex (b2(dxy) → e(*→NO)) [115] and the appearance of a band at 







[116]. The reduction of GO by the UV radiation was confirmed by the redshift of the band 
associated with  → * transition and the disappearance of the n → * transition of C=O bond 
in the electronic spectrum of the composite.  
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Figure II-7. Electronic spectra of (A) sodium nitroprusside, (B) graphene oxide and (C) 
Prussian blue/photochemically reduced graphene oxide. (D) Electronic spectrum of 
PB/PrGO_100 between 500 nm and 1000 nm. Inserts: digital pictures of the suspensions. 
 
Raman spectra of Prussian blue, photochemically reduced graphene oxide and 
PrGO/PB_100 composite are presented in Figure II-8. In PB and PrGO/PB_100 spectra, the 
low-frequency bands correspond to stretching and bending modes, (Fe-C) at 600-350 cm-1, 
(Fe-C-N) at 500-350 cm-1 and (C-Fe-C) at 130-60 cm-1 [117]. The characteristic band of the 
Prussian blue is the one that appears near 2155 cm-1, assigned to the stretching of the CN group 
[117,118]. In PrGO and PrGO/PB spectra, the bands at 1580 cm-1 (G band) and 1350 cm-1 (D 
band) are attributed to network vibration modes of photochemically reduced graphene oxide. 
The G band is associated with sp2 carbon vibrations in-plane and the D band arises from the 
out-of-plane vibrational mode, indicating defects or structural disorder in the materials. Thus, 
the ratio between the intensities of the D and G (ID/IG) bands is proportional to the number of 
structural defects in the graphene sheet [119]. In Figure II-8, a slight increase of the ID/IG ratio 
can be observed for the composite, which means that PB does not induce defects or structural 
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disorder in the PrGO. Thus, PB and PrGO probably interact by electrostatic interactions or 
physical adsorption, in accordance with previous report [27]. 
 
Figure II-8. Raman spectra of Prussian blue, photochemically reduced graphene oxide and 
PrGO/PB_100.  
 
The layered structure of PrGO and the PB with a regularly shaped cubes on the surface 
of the PrGO nanosheets can be seen in Figure II-9. The effect of the concentration of SNP in 
the morphology of the composites was evaluated by field emission electronic microscopy 
(Figure II-10 Figure II-12). The three composites obtained with the concentration of SNP of 
1.00×10-2 mol L-1(PrGO/PB_100). 0.50×10-2 mol L-1 (PrGO/PB_50) and 0.25×10-2 mol L-1 
(PrGO/PB_25) presented average lengths of cubes of 138.4 ± 45 nm, 114.9 ± 31 nm and 112.3 
± 24 nm, respectively. The lengths were calculated using ImageJ software. One interesting 
observation is the fact that some nanocubes are present between the graphene layers evidencing 
the flexible character of the sheets of graphene. 
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Figure II-9. Field emission gun scanning electron microscopy (FEG-SEM) micrographs of (A) 
the photochemically reduced graphene oxide and (B, C) the composite PrGO/PB_25. 
 
 
Chapter II. Photochemical synthesis of PB/PrGO composites for sensing applications                49 
P. L. dos Santos, Ph.D. Thesis 
 
Figure II-10. Field emission gun scanning electron microscopy (FEG-SEM) micrographs of 
PrGO/PB_25 and corresponding size distribution histograms of 230 particles. 
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Figure II-11. Field emission gun scanning electron microscopy (FEG-SEM) micrographs of 
PrGO/PB_50 and corresponding size distribution histograms of 390 particles. 
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Figure II-12. Field emission gun scanning electron microscopy (FEG-SEM) micrographs of 
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One possible explanation for the formation of PB is based on the emitted light spectrum 
from LED source that it absorbed directly by the SNP through MLCT band (Figure II-13).  
 
 
Figure II-13. Comparison between electronic spectra of SNP with the UV LED. 
 
The irradiation of SNP produces possible routes: i) the photolabilization of NO+ ligand 
resulting in aquation of the complex (Figure II-14, pathway 1); ii) intramolecular photoinduced 
electron transfer (Figure II-14, pathway 2); and iii) exchange of NO• by H2O (Figure II-14, 
pathway 3). A pH decrease upon photolysis indicates production of H+. NO+ or NO• undergoes 
secondary reactions, which in an aqueous medium, produce H+. The acidic environment favors 
the substitution of CN- ligands by H2O in the complex [Fe(CN)5(H2O)]
3-, formed in both 
pathways, producing [Fe(H2O)6]
2+ and HCN. Parallel to this reaction, [Fe(CN)5(H2O)]
3- can 
also react with CN- forming [Fe(CN)6]
4-. Hexaaquairon(II) complex can be oxidized by the 
oxygen present in the medium, forming [Fe(H2O)6]
3+ that finally reacts with [Fe(CN)6]
4- to form 
Prussian blue [114,120].  
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Figure II-14. Proposed mechanism for the formation on PB from [Fe(CN)5NO]
2- by the 
photochemical method. 
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The influence of GO in the formation of Prussian blue in the composite was investigated 
with two experiments. In the first one, a mixture of GO and SNP in the absence of UV-light 
was studied by electronic spectroscopy during 24 h. In the second one, irradiation of NPS in 
the absence of GO was performed. With these experiments, we have verified that in the 
photochemical method, the formation of PB is composite is not influenced by the presence of 
GO. As can be seen in Figure II-15 there is no significant alteration in the UV-Vis spectra occur 
after 24 h, though some papers relate a spontaneous formation of PB, intermediated by a direct 
redox reaction between GO and Fe3+[31]. Moreover, the formation of Prussian blue occurs even 
in the absence of GO, Figure II-16. 
 
 
Figure II-15. Electronic spectra of a mixture of GO and SNP in the absence of UV-light. 
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Figure II-16. Electronic spectra of a mixture of SNP solution before and after 24 h of 
irradiation. 
 
2.3.2. Electrochemical Properties 
Electrochemical properties of PB/PrGO composite films were studied by cyclic 
voltammetry. The cyclic voltammograms in 0.1 mol L-1 PBS (pH 7.4) containing 0.1 mol L-1 
KCl were obtained at bare glassy carbon electrode (GCE) and modified GCE with PrGO, PB 
and composites are presented in Figure II-17. 
As shown in Figure II-17A, for GCE/PB and GCE/PrGO/PB modified electrodes, a pair 
of redox peaks appeared at E° approximately of 0.20 V vs. Ag/AgCl, ascribed as the redox 
processes of Prussian blue and Prussian white. Equations (II-4) and (II-5) describe the 
electrochemical reactions of “soluble” and “insoluble” forms of PB, respectively[47]. 
 
KFeIII[FeII(CN)6] + K
+ + e− ⇌ K2Fe
II[FeII(CN)6] (II-4) 
Fe4
III[FeII(CN)6]3  +  4K
+ +  4e− ⇌ K4Fe4
II[FeII(CN)6]3 (II-5) 
 
In Figure II-17B, GCE modified with PrGO did not exhibit any redox peaks in that 
region. Modified glassy carbon electrodes with composites presented different values of current 
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density, which can be related to different sizes of cubes and amount of PB formed on the surface 
of PrGO. The lower concentration ratio of GO/SNP produced a composite with smaller cubes 
and an electrode with the larger electroactive area, GCE/PrGO/PB_100 (Figure II-18). The 
current density peak at the GCE/PrGO/PB was 412.1 μA cm-2, about 45% higher than the one 
observed for the GCE/PB modified electrode (310.9 μA cm-2). This phenomenon can be 
explained by the capacity of photochemically reduced graphene oxide to arrange a larger 
amount of nanocubes on its surface. 
 
Figure II-17. Cyclic voltammograms of modified glassy carbon electrodes with (A) PrGO/PB 
composites, (B) PrGO/PB_100 composite, Prussian blue and photochemically reduced 
graphene oxide at a scan rate of 50 mV s-1 in 0.1 mol L-1 PBS (pH 7.4) containing 0.1 mol L-1 
KCl.  
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Figure II-18. Linear relations beteween the anodic peak current and the square root of scan rate 
of the electrodes: A) GCE, (B) GCE/PrGO, (C) GCE/PB, (D) GCE/PrGO/PB_25, (E) 
GCE/PrGO/PB_50, (F) GCE/PrGO/PB_100 and (G)CE/PrGO+PB. Inserts: Their respectively 
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cyclic voltammograms at different scan rates, 10, 25, 50, 100 mV s-1 in 5.0 mmol L-1 
[Fe(CN)6]
3- and 0.1 mol L-1 KCl. For the GCE/PrGO/PB_25 the measurements were performed 
at 25, 50, 100 and 200 mV s-1. 
 
The stability of the modified electrodes was investigated by cyclic voltammetry in 0.1 
mol L-1 PBS solution (pH 7.4) containing 0.1 mol L-1 KCl, Figure II-19. Minor alterations of 
the current density after 50 cycles of voltammetry were observed, with losses of 2.3%, 2.2%, 
2.2% and 2.6% of the films for GCE/PrGO/PB_25, GCE/PrGO/PB_50, GCE/PrGO/PB_100 
and GCE/PB, respectively, confirming the high stability of the electrodes in neutral solution. 
Karyakin and co-workers reported that the presence of water in the crystal of PB might 
affect the stability of the electrodes. In this way, the process of thermal activation of the films 
is essential for increased stability. Also, performing cyclic voltammetry in a solution containing 
HCl 0.1 mol L-1  and KCl 0.1 mol L-1  prevents the coordination of OH- ions to Fe(III), since 
the hydroxide ions are known to be able to break the Fe2+–(CN)–Fe3+ bond [97].  
The electrode modified with a physical mixture of PB and PrGO (GCE/PrGO+PB) 
presented 3.9% of the film loss, suggesting that the in situ photochemical method enhances the 
stability of the films of ca. 40%. It can be explained by taking into consideration the ionic 
interactions between the iron cations of PB and the oxygen functional groups on the surface of 
PrGO [99]. 
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Figure II-19. Stability studies of modified GCE with the composites, Prussian blue and 
physical mixture of PrGO and PB in 0.1 mol L-1 PBS solutions at pH 7.4. Scan rate: 100 mV s-
1, 50 CV cycles. Supporting electrolyte 0.1 mol L-1 KCl. 
 
The electrochemical behavior of the modified electrodes was also analyzed by EIS. In 
the case of this type of modified electrodes, the EIS measurements show two regions of interest, 
where the first is in the higher frequencies where electron transfer process can be observed, and 
in the lower frequencies where the mass transfer process determines the spectrum profile [121]. 
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The Nyquist plots (Figure II-20) show that all the electrodes present a semicircle at 
lower frequencies and a linear response at higher frequencies. To understand the behavior of 
the electrodes modification, equivalent circuit analysis is the most useful because the system 
under study can be accurately described regarding discrete circuit elements (Figure II-21).  
 
 
Figure II-20. Nyquist plot of the modified electrodes with composites, Prussian blue, 
photochemically reduced graphene oxide and physical mixture of PrGO and PB. Inset: 
enlargement of the high-frequency region. 
 
The equivalent circuit of the modified electrodes can be expressed by the Randles-
equivalent circuit [122], where RS is the resistance of the solution, RCT the resistance of charge 
transfer, W the Warburg element and CDL the capacitance of the double layer (Figure II-21A).  
To fit the experimental and theoretical data, some modifications on the Randles-
equivalent circuit were carried out. For the GCE/PB, the Warburg element was replaced by the 
constant phase element, CPED, as it can be seen in Figure II-21B. In the Nyquist plot, it is 
possible to see a region consisting of a straight line with a reduced slope (33°), which is lower 
than the angle expected by a classical Warburg line (45°) [123,124]. 
The Nyquist plot of GCE/PrGO shows two semicircles, which can be explained by the 
difference between the PrGO layers. For this reason, the capacitance of the electrical double 
Chapter II. Photochemical synthesis of PB/PrGO composites for sensing applications                61 
P. L. dos Santos, Ph.D. Thesis 
layers was replaced by a constant phase element (CPEDL and CPEDL2) due to the 
inhomogeneity of the photochemically reduced graphene oxide layers covering the electrode 
surface, Figure II-21C. The first semicircle was attributed to PrGO layers closer to the surface, 
which present a more uniform coverage. It can be confirmed if we compare the n value of the 
CPE of each group of layers. For the first group of layers the n value is 1, indicating that the 
capacitor formed is very similar to a real one. The second group of layer represents a less 
uniform coating with a n value of 0.34. 
For the composite and the physical mixture, the proposed circuits for the PrGO and PB 
modified electrodes were considered. Then, the circuit for these systems (Figure II-21D) shows 
a combination from the circuits depicted in Figure II-21B and C: These electrodes present two 
semi-circles that can be observed in the Nyquist plot (Figure II-20), the first one is the charge 
transfer resistance (RCT1) between the composite film and the GCE. The second one (RCT2) is 
the charge transfer resistance inside the film, probably between the PB and PrGO.  
 
 
Figure II-21. Theoretical circuits used for fitting the experimental impedance curves. 
 
Analyzing the Nyquist plot, it is evident that the in-situ method used for the preparation 
of PB influences in the electrochemical profile. It leads to a lower charge transfer resistance 
inside the film (RCT2) (Table II-1). The modification of the electrode with a physical mixture of 
PrGO and PB results in a film with poor interaction, and a higher charge transfer resistance. 
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Table II-1: Values of the experimental fit of circuits in impedance data for the electrodes. 
 PrGO/PB_25 PrGO/PB_50 PrGO/PB_100 PrGO+PB PrGO PB 
Rs (kΩ) 171 104 123 111 120 208 
RCT1 (kΩ) 1.63 1.58 0.758 2.05 2.52 0.213 
RCT2 (Ω) 13.1 28.6 75.3 38.2 726 - 
CPEDL 
C (µF) 16.8 16.5 15.4 10.5 128 - 
n 0.862 0.849 0.890 0.802 0.67 - 
CPEDL2 
C (µF) 3.69 12.3 12.5 0.702 76.4 - 
n 0.934 0.72 0.909 0.530 0.48 - 
CPED 
C (µF) 273 404 254 179 - 349 
n 0.403 0.449 0.392 0.393 - 0.456 
CDL (µF) - - - - - 0.374 
W (µMho) - - - - 1.86 - 
 
Comparing the charge transfer resistance (RCT1) of the film formed by the composites, 
an increase of the concentration of SNP (for producing of Prussian blue) promotes a decrease 
of the RCT1. Probably, it occurs due to the decrease of the size of the particles formed on the 
surface of the PrGO making them more favorable for the electron transfer. Based on these 
results, the better choice for the electrochemical sensing applications is the 
GCE/PrGO/PB_100, due to the lower charge transfer resistance between the modifier and the 
electrode (RCT1). 
 
2.3.3. Electrochemical behavior of the modified electrodes in presence of H2O2 
To evaluate the performance of the photochemical reduced graphene oxide, Prussian 
blue and the nanocomposite in the detection of H2O2, electrochemical experiments were 
performed using the bare and the modified glassy carbon electrodes. Figure II-22 shows the 
cyclic voltammogram of GCE, GCE/PB, GCE/PrGO/PB and GCE/PrGO+PB in the absence of 
H2O2 and after successive additions of this analyte.  
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Figure II-22. Cyclic voltammograms, first scan, of (A) bare GCE and modified electrodes with 
(B) PrGO, (C-E) the composites, (F) PB and (G) the physical mixture of PB and PrGO in 0.1 
mol L-1 PBS (pH 7.4) containing 0.1 mol L-1 KCl, with successive addition of H2O2. Scan rate 
of 50 mV s-1.  
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Upon addition of H2O2, a significant increase of the cathodic current was observed. The 
catalytic process of reduction of H2O2 is diffusion-controlled in the studied scan rate range, due 
to the linear dependence (R2 = 0.999) between the catalytic peak currents (ip) and the square 
root of the scan rate (1/2), according to Figure II-23.  
 
 
Figure II-23. Plot of ipc versus 
1/2 obtained from the voltammograms (inserts) of the 
SPE/PrGO/PB_100 in presence of 1.0 mmol L-1 H2O2 at various scan rates. All studies were 
performed in 0.1 mol L-1 ABSol (pH = 6.0) and 0.1 mol L-1 KCl. 
 
Moreover, the electrocatalytic process involves the transfer of two electrons from the 
Prussian white to the analyte yielding hydroxide ion, which can be described by equation (II-6). 
However, as it can be seen in Figure II-22, the gradual disappearance of the redox peaks of 
Prussian blue in the presence of H2O2 occurs due to the formation of Fe(OH)3 and destruction 





→  2 OH− (II-6) 
Fe4[Fe(CN)6] + 12 OH
- → 4 Fe(OH)3 + 3 [Fe(CN)6]
4- (II-7) 
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Comparing the electrochemical behavior of the modified electrodes, 
GCE/PrGO/PB_100 exhibited the best response for electrochemical reduction of H2O2. In this 
electrode, the size and the arrangement of the cubes on the PrGO surface and the capacity of 
PrGO to facilitate the electron transfer between the electrode and PB contributed concomitantly 
for this result. Moreover, the interactions of SNP and hydrophilic sites on the graphene oxide 
surface allow the controlled growth of PB nanocubes in situ, which explains the better response 
compared to the physical mixture. For these reasons, the GCE/PrGO/PB_100 was also used for 
simultaneous electro-oxidation studies of ascorbic acid, dopamine, and uric acid. 
 
2.3.4. Simultaneous detection of AA, UA, and DA 
Simultaneous determination of ascorbic acid, uric acid, and dopamine on GCE is a 
challenge due to the overlapping of their oxidation potentials. The GCE surface can be poisoned 
by adsorption of products from the oxidation of AA and UA in phosphate buffer solution (PBS) 
at neutral pH, which does not occur in acetate buffer solution [125]. Recently, our research 
group used electronic spectroscopy to study the influence of the composition of the buffer 
solution in the stability of PB films. The ions present in phosphate and Britton-Robinson buffer 
solutions can react with Prussian blue by binding to Fe3+ and breaking the cyanide bridge. 
Acetate ions were able to cause minor alterations in the PB structure [126].  
Electrochemical detection of these analytes is pH dependent, since protons are involved 
in the oxidation of AA, DA, and UA. Thus, depending on the pH, AA, DA, and UA exist as 
negatively or positively charged molecules. For example, at pH 6.0, AA (pKa 4.1) and UA (pKa 
5.7) exist as ascorbate and urate, and dopamine (pKa 8.8) is protonated. At pH close to neutral 
or basic, dopaminoquinone can be converted to leuco-dopaminoquinone through cyclization 
reaction, which oxidizes to dopaminochrome [127,128], as shown in Scheme II-1. In addition, 
photochemically reduced graphene oxide contains residual functional groups which can interact 
with these molecules by electrostatic interactions, - stacking and hydrogen bonds [65,129]. 
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Scheme II-1. Mechanism of (A) AA, (B) DA and (C) UA oxidation. 
 
In this sense, detections of AA, DA, and UA were carried out at GCE in 0.1 mol L-1 
PBS at pH 7.4 and in 0.1 mol L-1 ABSol at pH 6.0. The linear voltammograms of the bare and 
modified glassy carbon electrodes are presented in Figure II-24. Bare GCE presents an overlap 
in the anodic peaks of AA and DA in PBS at pH 7.4, whereas in ABSol at pH 6.0 occurs a 
separation of the oxidation peaks of AA-DA and DA-UA of ca. 40 mV and 90 mV, respectively. 
For the PrGO/PB modified GCE, the separations of the peaks were higher and approximately 
50 mV and 150 mV vs. Ag/AgCl. 
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Figure II-24. Linear voltammograms of the bare GCE in (A) 0.1 mol L-1 PBS at pH 7.4, (B) 
0.1 mol L-1 ABSol at pH 6.0 and (C) modified GCE with the composite PB/PrGO_100 in 0.1 
mol L-1 ABSol (pH 6.0) in the absence of the analytes (black line) and in the presence of 1.0 
mmol L-1 AA (red line), 1.0 mmol L-1 DA (blue line), 1.0 mmol L-1 UA (green line). Supporting 
electrolyte 0.1 mol L-1 KCl. 
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Differential pulse voltammetry experiments were performed by altering the 
concentrations of all analytes simultaneously (Figure II-25) to study the possible interference 
of each analyte in the electrochemical response of the PrGO/PB_100 modified electrode. The 
peaks separations of AA-DA and DA-UA in the DPVs were equal to 70 mV and 130 mV vs. 
Ag/AgCl, respectively. Thus, it confirms that the presence of the species DA/UA, AA/UA and 
DA/UA did not impose any interference in the detections of AA, DA, and UA, respectively. 
 
Figure II-25. DPV of PrGO/PB_100 modified electrode in 0.1 mol L-1 ABSol and 0.1 mol L-1 
KCl, at pH 6.0 upon addition of a mixture containing 0.1 mmol L-1 of AA, DA and UA. 
 
For better understanding of electro-oxidation of AA, DA and UA on the surface of the 
PrGO/PB_100 modified GCE, cyclic voltammetry experiments at different scan rates in the 
presence of 1.0 mmol L-1 of each analyte were performed (Figure II-26). The catalytic peak 
currents (ip) increase linearly (R
2 = 0.999) in function of the square root of the scan rate (1/2), 
indicating that the processes of oxidation of AA, DA and UA are diffusion-controlled at studied 
scan rate ranges [130]. 
(V) 
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Figure II-26. Plot of ipa versus 
1/2 obtained from the voltammograms (inserts) of the 
SPE/PrGO/PB_100 in presence of 1.0 mmol L-1 of (A) AA, (B) DA and (C) UA at various scan 
rates. All studies were performed in 0.1 mol L-1 ABSol (pH = 6.0) and 0.1 mol L-1 KCl. 
 
The simultaneous detection of AA, DA, and UA was carried out separately and in a 
mixture of the three compounds. The concentration of one molecule was changed, while the 
concentration of the other two substances remained constant. Figure II-27 shows the cyclic 
voltammogram of GCE/PrGO/PB_100 electrode in the absence and after successive additions 
Chapter II. Photochemical synthesis of PB/PrGO composites for sensing applications                70 
P. L. dos Santos, Ph.D. Thesis 
of AA, DA and UA. The calibration curves (Figure II-27) show values of slope close to those 
obtained in the absence of the other species (Figure II-28). 
 
 
Figure II-27. CV curves of (A) 0.1 mmol L-1 DA and 0.1 mmol L-1 UA, upon addition of AA 
from 20 mol L-1 to 2.33 mmol L-1, (B) 0.1 mmol L-1 AA and 0.1 mmol L-1 UA, upon addition 
of DA from 20 mol L-1to 2.33 mmol L-1 and (C) 0.1 mmol L-1 AA and 0.1 mmol L-1 DA, upon 
addition of UA from 20 mol L-1 to 2.33 mmol L-1.(D-F) Corresponding calibration curves, 
anodic peak current vs. concentration, of AA, DA, and UA. Measurements were recorded in 0.1 
mol L-1 ABSol (pH 6.0) containing 0.1 mol L-1 KCl. 
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Figure II-28. CV curves of GCE/PrGO/PB_100 in 0.1 mol L-1 ABSol (pH 6.0) upon addition 
of (A) AA, (B) DA and (C) UA from 20 mol L-1 to 2.51 mmol L-1. (D-F) Corresponding 
calibration curves, anodic peak current vs. concentration, of AA, DA, and UA. Supporting 
electrolyte 0.1 mol L-1 KCl. 
The anodic peak currents of AA, DA, and UA increase linearly with the concentration 
and the calibration plot is linear for the concentration ranges of 283-2330 mol L-1 for AA, 40-
2330 mol L-1 for DA, and 40-415 mol L-1 for UA with correlation coefficients of 0.999. The 
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detection limits for simultaneous detection of AA, DA, and UA are 34.7 mol L-1, 26.2 mol 
L-1, and 8.00 mol L-1, respectively. 
A comparison between the performance of the PrGO_100 modified electrode and the 
sensors of AA, DA and UA previously reported is shown in Table II-2. The proposed sensor 
has presented detection limits in the same order of magnitude as most of the literature reports, 
and a higher linear range. The electrocatalytic activity of graphene-based materials is dependent 
on their electron transfer properties, the presence of functional groups, which can interact with 
AA, DA and UA, their structural defects, the edge-to-basal plane ratio and the number of 
graphene layers [65,131,132]. In this sense, a direct comparison between the performances of 
the graphene-based materials is difficult due to many structural differences, what explains the 
various values of the detection limits reported in the literature. 
 
Table II-2: Comparison of the performances of graphene-based materials modified electrodes 




Linear range, µmol L-1 Method Ref. 
RGO 7.0 
AA DA UA AA DA UA 
DPV 
 
0.7 0.1 1.0 0.7-100 0.1-400 2-600 [133] 
NG 6.0 3.5 0.3 0.6 10-600 1-140 2-160 DPV [131] 













7.0 50.0 1.0 2.0 50-1200 1.0-24 2.0-45 DPV [136] 
GO-PAN 7.4 50.0 0.5 1.0 150-1050 1.0-14 3.0-26 DPV [137] 
ERGO 7.0 250.0 0.5 0.5 500-2000 0.5-60 0.5-60 DPV [138] 
PrGO/PB_100 6.0 34.7 26.2 8.00 283-2330 40-2330 40-415 CV 
This 
work 
RGO: reduced graphene oxide; NG: nitrogen doped graphene; MFGS: functionalized graphene sheets; 
Trp-GR: tryptophan -functionalized graphene nanocomposite; GO-PAN: Graphene oxide-templated 
polyaniline; ERGO: electrochemically reduced graphene oxide; 
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2.4. Conclusion 
In this chapter, we have reported an in-situ method to produce PrGO/PB composites 
using sodium nitroprusside as a single precursor of PB. The electrochemical properties of the 
composites could be modulated by changing the proportion of the precursors, which allows the 
control of the size of the crystalline Prussian blue growth on the surface of PrGO. The 
GCE/PrGO/PB_100 was the most stable and presented the highest sensibility for H2O2, due to 
the size and the arrangement of the cubes on the PrGO surface, which resulted in the lowest 
charge transfer resistance. The combination of PrGO and nanocubes of Prussian blue, as 
nanocomposite, created favorable chemical conditions for simultaneous determination of AA, 
DA, and UA. Moreover, it was confirmed that the presence of the species DA/UA, AA/UA and 
DA/UA did not impose any interference to the detections of AA, DA, and UA, respectively. 
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Chapter III  
 
Enhanced Performance of 3D printed graphene 
electrodes after electrochemical pre-treatment: Role 
of exposed graphene sheets 
 
The content of Chapter III is an adaptation of the article entitled “Enhanced Performance of 3D 
printed graphene electrodes after electrochemical pre-treatment: Role of exposed graphene sheets” by 
Pãmyla L. dos Santos, Vera Katic, Hugo C. Loureiro, Matheus F. dos Santos, Diego P. dos Santos, 
André L. B. Formiga and Juliano A. Bonacin reprinted with permission from Sensors and Actuators 
B: Chemical © 2018 Elsevier B. V, Appendix C. 
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3.1. Introduction 
3D printing technology facilitates materials manufacturing, offering freedom of design, 
waste minimization and, most importantly, fast prototyping [139]. It is a practical technology 
due to the possibility of modelling objects according to desired shapes and dimensions [83]. 
Thus, 3D printing technology matches the concept proposed by the industry 4.0 [140] and has 
found applications in a variety of fields, including medicine, chemical engineering [141] and 
environmental sciences [142]. Since, it is possible to fabricate devices with different shapes and 
dimensions in a short period of time, 3D printing technology has found a "blue ocean" of 
opportunities [143] in analytical chemistry [84,90,144,145] and mainly in electrochemistry 
[83,89,146].  
In this sense, Foster et al. [89] have reported for the first time a 3D printed electrode 
fabricated from graphene-based polylactic acid (PLA) filament as energy storage device and 
electrocatalyst for the hydrogen evolution reaction. Foo et al. [146] reported the utilization of 
low-cost 3D printed graphene platforms as supercapacitors and photoelectrochemical sensors. 
Recently, Palenzuela et al. [147] used graphene/PLA filaments to produce ring- and disc-shaped 
sensors for detection of picric acid and ascorbic acid. Furthermore, Cardoso et al. [90] have 
used graphene-doped PLA printed sensors for dopamine and catechol detection in acidic 
conditions. The authors attributed the good response of the sensors to the presence of 
oxygenated functional groups on the surface of the electrodes. Thus, functionalization of 
graphene sheets has a great importance in electrocatalytic sensing applications. Oxygen 
functionalities, as carboxylate groups, increase the biocompatibility of graphene materials, 
allowing them to covalently attach to the amino groups of enzymes and neurotransmitters. 
Moreover, electrocatalyst such as Prussian blue can be anchored on the surface of 
functionalized graphene to improve its response towards biological molecules [28]. 
To generate functionalities as NH2˗ and oxygenated groups on the surface of the 
electrodes, electrochemical techniques can be employed for functionalization of carbon-
materials [148,149]. Additionally, electrochemical reduction of the oxidized form of graphene 
(graphene oxide, GO) has been performed to modulate the electrocatalytic properties of the 
reduced material (reduced graphene oxide, rGO). From the reported method, the amount of the 
oxygen functionalities and disorder/defects on the rGO could be controlled by varying the 
applied reduction potential [64]. Moreover, according to our previous report, the best 
performance of graphene modified electrodes for dopamine sensing arises from a synergistic 
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effect of electron transfer rate, - interaction and the amount of oxygenated functional groups. 
These interesting properties were achieved from a partial reduction of graphene oxide, with a 
reduction extent of 56% [65].  
Considering the advantageous role of oxygenated groups to improve detection of 
dopamine and the challenges of 3D printed electrodes for electroanalytical applications, in 
Chapter III, a detailed study of the influence of the electrochemical pre-treatment in the 




Potassium chloride (KCl) was purchased from Synth. Potassium dihydrogen phosphate 
(KH2PO4) and potassium hydroxide (KOH) were purchased from Dinâmica and Synth, 
respectively, and used to prepare phosphate buffer solution (0.1 mol L−1 PBS, pH = 7.4). 
Dopamine hydrochloride (C8H11NO2.HCl), L-ascorbic acid (C6H8O6), uric acid (C5H3N4O3Na) 
and potassium hexacyanidoferrate (III) (K3[Fe(CN)6]) were purchased from Sigma-Aldrich. 
Conductive Graphene 3D Printing PLA Filament was purchased from Black Magic 3D (volume 
resistivity: 0.6 ·cm). All chemicals were of analytical grade and used without any further 
purification. The aqueous solutions were prepared with ultrapure water (>18 MΩ cm) obtained 
from a Milli-Q Plus system (Millipore). 
3.2.2. Design and fabrication of the electrodes 
The 3D printed graphene electrodes designs were drawn using Tinkercad online 
platform [150], in the forms of discs with diameters of 5 mm and thicknesses of 1 mm. A strip 
with a 2 mm thickness was drawn to allow the connection of the electrode to a crocodile clip. 
The electrodes were printed using a RepRap printer at an extrusion temperature of 190°C. The 
as-printed 3D graphene electrode was labeled 3DGrE.  
The oxidized 3D printed graphene electrode (3DGroxE) was prepared by applying a 
potential of +1.8 V vs. SCE during 900 s in 0.1 mol L-1 PBS (pH = 7.4). The electrochemically 
reduced 3D printed graphene electrodes (3DGrredE) were prepared from the 3DGroxE applying 
one voltammetric cycle in 0.1 mol L-1 PBS (pH = 7.4), at a scan rate of 50 mV s-1, in the ranges 
0.0 V to -1.0 V, 0.0 V to -1.2 V, 0.0 V to -1.4 V, 0.0 V to -1.6 V and 0.0 V to -1.8 V vs. SCE. 
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The reduced 3D printed graphene electrodes were labeled 3DGrredE(-1.0V), 3DGrredE(-1.2V), 
3DGrredE(-1.4V), 3DGrredE(-1.6V) and 3DGrredE(-1.8V), respectively. Oxygen was removed 
by bubbling nitrogen for 15 min through the solution before each electrochemical measurement.  
 
3.2.3. Characterization 
The morphologies of the 3D printed graphene electrodes were investigated by FEI 
Quanta 250 field emission scanning electron microscope (FE-SEM) from FEI Co., USA, 
operating at 2.0 kV.  Atomic force microscopy (AFM) and Kelvin probe force microscopy 
(KPFM) images were obtained simultaneously using an Easyscan 2 Flex AFM from Nanosurf. 
The KPFM images were obtained in a dry atmosphere with an electrical frequency of 15 kHz 
and amplitude of 5 V. A Pt/Ir-coated tip with a resonance frequency of 75 kHz and a force 
constant of 2.8 N m-1 was used. Thermogravimetric analysis (TGA) was performed using a TA 
Instruments 2950. The graphene/PLA filament was subjected to gradual temperature increase 
of 10 ˚C per minute, in range of 25 to 550 ˚C, under flow of argon (100 mL min-1). Fourier-
transform infrared (FTIR) spectra were recorded on a portable Agilent Cary 630 ATR-FTIR 
analyzer, in the range of 450 to 4000 cm-1. X-ray photoelectron spectroscopy (XPS) 
measurements were performed with a VSW HA-100 spherical analyzer and AlKα radiation (h 
= 1486.6 eV). The high-resolution spectra were measured with constant analyzer pass energies 
of 44eV producing a full width at half-maximum (FWHM) linewidth of 1.6 eV for the Au (4f7/2) 
line. The pressure during the measurements was always less than 6×10-8 mbar. The sample was 
fixed to a stainless-steel sample holder with double-faced conducting tape and analyzed without 
further preparation. Surface charging was corrected shifting all spectra so that the highest 
binding energy component of the PLA was at 289.06 eV [151]. Curve fitting was performed 
using Gaussian line shapes, and a Shirley background was subtracted from the data. Raman 
spectra of the electrodes were performed on a Confocal T64000 spectrometer from Jobin Yvon 
with a solid-state sapphire laser (532 nm, 10 mW), using an integration time of 30 s and a 100x 
LWD objective in the range of 1000-3000 cm-1. The Raman mapping of 3D electrodes was 
performed on a Renishaw inVia spectrometer, (532 nm, 1mW), using integration time of 5 s, 
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3.2.4. Electrochemical Measurements 
Cyclic voltammetry (CV) measurements of the 3DGrE, 3DGroxE and 3DGrredE were 
carried out using an AUTOLAB modular electrochemical system (ECO Chemie, Utrecht, 
Netherlands) equipped with a STAT 12 module and driven by NOVA 2.1 software. The 3DGrE, 
3DGroxE or 3DGrredE was used as working electrode, saturated calomel electrode (SCE) as a 
reference electrode, and a platinum wire as counter electrode. Oxygen was removed by 
bubbling nitrogen for 15 min through the solution before each electrochemical measurement. 
The electroactive areas (Ae) of the electrodes were determined by cyclic voltammetry in 
5.0 mmol L-1 of [Ru(NH3)6]Cl3 and 0.1 mol L
-1 KCl at different scan rates, according to the 
Randles-Ševčíck equation [130], Equation (II-3), page 41. Note that the diffusion coefficient 
for [Ru(NH3)6]
3+ in 0.1 mol L-1 KCl is 9.10×10-6 cm2 s-1 [152]. 
In order to determinate the heterogeneous rate constants (k0obs) between the 3D printed 
graphene electrodes and [Ru(NH3)6]
3+/4+ or [Fe(CN)6]
3-/4- probes, cyclic voltammograms in 5.0 
mmol L-1 of [Ru(NH3)6]Cl3 or K3[Fe(CN)6] and 0.1 mol L
-1 KCl at different scan rates were 
obtained, the constants were calculated using the Nicholson method [153] by Equation (III-1): 
 
𝑘𝑜𝑏𝑠










where D is the diffusion coefficient (9.10×10-6 cm2 s-1 for [Ru(NH3)6]
3+ and 7.60×10-6 cm2 s-1 
for [Fe(CN)6]
3-, [111,152]),  is assumed to correspond to 0.5, n is the number of electrons 
transferred in the electrochemical process, F is the Faraday constant,  is the applied 
voltammetric scan rate, R is the gas constant, and T is the temperature of the solution and Ep 
is peak-to-peak separation. 
 
3.2.5. Dopamine detection 
Electrochemical detection of dopamine was carried out in the same three-electrodes 
electrochemical cell. Differential pulse voltammetry measurements were performed upon 
successive addition of 2.0 (1x), 1.0 (9x), 2.5 (5x), 4.9 (5x) and 9.5 mol L-1 (5x) dopamine 
hydrochloride, under N2 atmosphere. Phosphate buffer solution (0.1 mol L
-1, pH = 7.4) 
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containing 0.1 mol L-1 KCl was used as supporting electrolyte. The experiments were carried 
out in triplicate. 
 
3.3. Results and discussion 
3.3.1. Design and morphology of the 3D printed graphene electrodes 
Schematic and real representations of the 3D printed graphene electrode are presented 
in Figure III-1A and B, respectively. 
 
 
Figure III-1. (A) The design drawn in Tinkercad platform and (B) digital photo of the 3D 
graphene electrode. 
 
The morphology of the electrodes was investigated by FE-SEM. The as-printed 
electrode (3DGrE) has a smooth layer of polymer on the surface of the electrode as shown in 
Figure III-2A. After the electrochemical pre-treatments, the surfaces of electrodes became 
rough (Figure III-2B-G), indicating some level of degradation of polymeric chains of the 
surface. 
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Figure III-2. Field emission scanning electron microscopy (FEG-SEM) micrographs of (A) the 
as-printed 3D graphene electrode (3DGrE), (B) the electrochemically oxidized at +1.8 V vs. 
SCE (3DGroxE) and submitted to oxidation (+1.8 V vs. SCE) followed by reduction at different 
scan ranges, (C) from 0 to -1.0 V vs. SCE (3DGrredE(-1.0V)), (D) 0 to -1.2 V vs. SCE 
(3DGrredE(-1.2V)), (E) 0 to -1.4 V vs. SCE (3DGrredE(-1.4V)), (F) 0 to -1.6 V vs. SCE 
(3DGrredE(-1.6V)) and (G) 0 to -1.8 V vs. SCE (3DGrredE(-1.8V)). 
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AFM and KPFM images were obtained to improve the investigation of the morphology 
and surface potential distribution after the electrochemical pre-treatment on the electrodes and 
the results can be found in Figure III-3. 
 
 
Figure III-3. AFM images of (A) 3DGrE, (B) 3DGroxE and (C) 3DGrredE(-1.8V) and (D, E, 
F) the corresponding KPFM images, respectively. The Image sizes were 10 x10 µm2. 
 
Although the electrochemical pre-treatment removed some polymeric materials from 
the surface and increased the overall roughness (µm scale) of the samples, as it can be seen 
Figure III-2, from AFM images, it is possible to observe that the 3DGroxE and 3DGrredE (-1.8V) 
electrodes presented a more homogeneous and smoother surface (nm scale) than the as-printed 
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electrode (3DGrE) – Figure III-3. As a result of the reduction step, graphene sheets (indicated 
by the black dashed circles in Figure III-3C were exposed to the surface of the 3DGrredE (-1.8V) 
electrode. The average surface potential (SP) values for the 3DGrE, 3DGroxE and 3DGrredE (-
1.8V) were calculated from the KPFM measurements. The as-printed electrode presented a 
heterogeneous surface electric potential distribution with an average SP value of 0 V (Figure 
III-3D) and moderate charge accumulation in small regions that are probably related to some 
additives used by the PLA/graphene filament manufacturer. Moreover, as reported by Foster 
and co-authors [89], the change of temperature within the 3D printing process results in an 
increase of the oxygenated functional groups, which contributes to this effect. After the 
electrochemical oxidation step, the average SP value of 3DGroxE increased to 0.7 V, which is 
an indication of a surface with a low charge dissipation capacity. Santhiago et al. [148] have 
reported the same behavior on the electrochemically oxidized glassy carbon electrodes. The 
authors have attributed the drop in the charge dispersion capacity to the presence of oxygenated 
species on electrode surface. It is possible to observe in Figure III-3E and Figure III-4 that the 
electrochemical oxidation created regions of different charge dissipation capacities with local 
variation of approximately 0.4 V. The electrochemically reduced 3DGredE(-1.8V) electrode 
presented a more homogeneous surface electric distribution than the 3DGroxE. Additionally, 
regions with high charge dispersion capacity (CDP), i.e. regions with low voltage, ascribed to 
the exposure of reduced graphene sheets on surface of the electrode after the electrochemical 
pre-treatments, can be observed in Figure III-3F and Figure III-4. 
 
 
Figure III-4. Voltage line profile of 3DGrE, 3DGroxE and 3DGrredE(-1.8V). 
Chapter III. Electrochemical activation of 3D printed electrodes                                         83 
P. L. dos Santos, Ph.D. Thesis 
3.3.2. Spectroscopic Characterization 
The presence of oxygenated functionalities on the 3D printed graphene electrodes was 
confirmed by FTIR and XPS, as shown in Figure III-5 to Figure III-8. 
 
Figure III-5. FTIR spectra of (A) the as-printed 3D graphene electrode (3DGrE), (B) the 
electrochemically oxidized at +1.8 V vs. SCE (3DGroxE) and submitted to oxidation (+1.8 V 
vs. SCE) followed by reduction at different scan ranges, from (C) 0 to -1.0 V vs. SCE 
(3DGrredE(-1.0V)), (D) 0 to -1.2 V vs. SCE (3DGrredE(-1.2V)), (E) 0 to -1.4 V vs. SCE 
(3DGrredE(-1.4V)), (F) 0 to -1.6 V vs. SCE (3DGrredE(-1.6V)) and (G) 0 to -1.8 V vs. SCE 
(3DGrredE(-1.8V)).  
 
FTIR spectra of the electrodes presented bands at 2995 and 2946 cm−1 assigned to 
antisymmetric and symmetric stretching of the C-H bond of CH3 groups of PLA. The band at 
1748 cm-1 is assigned to (C=O). Antisymmetric and symmetric bending vibration of CH3 are 
represented by the bands at 1450 and 1383 cm-1. The bands at 1176, 1077 and 1038 cm-1 are 
attributed to v(C-O-C) of PLA [154]. The C1s XPS spectra of the electrodes presented three 
main peaks at 285.00, 286.98 and 289.07 eV corresponding to C-C/C-H, C-O-C and O-C=O 
groups of PLA. The O1s spectra was deconvoluted in two main peaks, corresponding to O=C 
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and O-C at 532.25 and 533.66 eV [155]. The compositions of functional groups on the 3D 
electrodes are presented in Table III-1.  
 
 
Figure III-6. XPS (A) C1s and (B) O1s spectra of the as-printed 3D graphene, 3DGrE. 
 
Figure III-7. XPS (A) C1s and (B) O1s spectra of the electrochemically oxidized 3D printed 
graphene electrode at +1.8 V vs. SCE, 3DGroxE. 
 
Figure III-8. XPS (A) C1s and (B) O1s spectra of the 3D printed graphene electrode submitted 
to oxidation (+1.8 V vs. SCE) followed by reduction at scan range, from 0 to -1.8 V vs. SCE, 
3DGrredE(-1.8V). 
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% of elemental 
signal % Elemental 
Atom O1s 
% of elemental 
signal 
C-C/C-H C-O-C O-C=O C-O C=O 
3DGrE 38.67 32.89 30.26 28.28 61.33 45.31 47.82 
3DGroxE 36.97 33.56 30.87 28.86 63.03 45.13 46.29 
3DGrredE(-1.8 V) 37.84 32.79 30.17 28.21 62.16 51.65 41.00 
 
The FTIR and XPS spectra of the 3D electrodes did not show significant difference, 
even under application of electrochemical pre-treatments. A possible explanation for this result 
could be the low content of graphene in the PLA matrix. In the thermogravimetric curve of 
graphene/PLA filament purchased from Black Magic 3D, Figure III-9, the residual weight of 
the filament is approximately 14%. According to Foster et al. [89], industry standard PLA 
presents a residual weight percentage less than 1%. Thus, suggesting that the percentage of 
graphene incorporated in the filament, used to fabricate the 3D-printed graphene electrodes, is 
approximately 13%. 
 
Figure III-9. Thermogravimetric curve of graphene/PLA filament purchased from Black 
Magic 3D. 
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In order to evaluate the influence of the electrochemical pre-treatments on the structure 
of the electrodes, Raman spectroscopy was performed. Raman spectra of graphene-based 
materials present three characteristic bands, D (~ 1350 cm-1), G (~ 1580 cm-1) and 2D (~2700 
cm-1) bands, assigned to network vibrational modes [119]. Structural changes of these materials 
can be studied focusing on the D and G bands. The D band is associated with the out-of-plane 
vibrational mode and indicates defects or structural disorders. The G band is assigned to sp2 in-
plane carbon vibrations [156,157]. According to Figure III-10A, all 3D graphene electrodes 
presented these bands in Raman spectra. However, the ratios of the intensities of D and G bands 
(ID/IG) varied along with the electrochemical pre-treatment, as it can be seen in Figure III-10B. 
The as-printed 3D graphene electrode showed the lowest ID/IG ratio. After the 
electrochemical oxidation, the ratio increased, likely as a result of insertion of oxygenated 
groups. With the electrochemical reduction process, it can be expected a decrease in the 
distribution of functional groups and an associated increase in the number of sp2 domains, 
which are still smaller than those of the 3DGroxE. The application of -1.0V and -1.2V on the 
3DGrox was not sufficient to remove all the oxygenated groups; however, it could induce 
fragmentation of the sp2 domains, which could be an explanation for the increase of the ID/IG 
ratio. Upon application of more cathodic potentials (-1.4 and -1.6V), sp3 domains from 
oxygenated groups have been removed, thus, decreasing the ID/IG ratio. The increased ID/IG 
ratio for 3DGrredE(-1.8 V) is likely due to the fragmentation of the graphene sheets and the 
presence of a large amount of small size of sp2 domains. 
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Figure III-10. Raman maps plotted ID/IG ratio of (A) 3DGrE, (B) 3DGroxE, and (C) 3DGrredE(-
1.8V). 
 
The surface distributions of ID/IG ratios, obtained from mapping measurements (Figure 
III-11), for 3DGrE, 3DGroxE, and 3DGrredE(-1.8V) are presented in Figure III-12, confirming 
the uniformities of the surfaces of the electrodes. The electrochemical pre-treatments promote 
an increase in the number of defects/disorders, altering the electronic structures. The same 
behavior was observed in our previous report for the graphene oxide submitted to 
photochemical reduction [28]. 
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Figure III-11. Raman spectra obtained in each point of the map measurements of (A) the as-
printed 3D graphene electrode (3DGrE), (B) electrochemically oxidized 3D electrode 
(3DGroxE) and (C) the electrochemically reduced in the range from 0 to -1.8 V vs. SCE 
(3DGrredE(-1.8V)). (D) Corresponding mapping average Raman spectra of the 3D graphene 
electrodes. 
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3.3.3. Electrochemical Properties 
The electrochemically active areas of the 3D-printed electrodes were estimated from the 
voltammograms presented in Figure III-13 andFigure III-14, recorded using the outer-sphere 
redox probe [Ru(NH3)6]Cl3. In Figure III-15 a comparison between the voltammograms of the 
as-printed and pre-treated electrodes can be observed.  
 
 
Figure III-13. Cyclic voltammograms of (A) the as-printed 3D printed graphene electrode 
(3DGrE), (B) the oxidized 3D electrode (3DGrox) and (C) the electrochemically reduced at the 
range from 0 to -1.0 V vs. SCE (3DGroxE(-1.0V)) at different scan rates, 5, 10, 20, 30, 40 and 
50 mV s-1 in 5 mmol L-1 [Ru(NH3)6]Cl3 containing 0.1 mol L
-1 KCl. (D-F) Their respectively 
linear relations between the anodic peak current and the square root of scan rate. 
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Figure III-14. Cyclic voltammograms of the electrochemically reduced 3D graphene 
electrodes at the ranges (A) from 0 to -1.2 V vs. SCE (3DGroxE(-1.2V)), (B) 0 to -1.4 V vs. SCE 
(3DGroxE(-1.4V)), (C) 0 to -1.6 V vs. SCE (3DGroxE(-1.6V)) and (D) 0 to -1.8 V vs. SCE 
(3DGroxE(-1.8V)) at different scan rates, 5, 10, 20, 30, 40 and 50 mV s
-1, in 5 mmol L-1 
[Ru(NH3)6]Cl3 containing 0.1 mol L
-1 KCl. (E-H) Their respectively linear relations between 
the anodic peak current and the square root of scan rate. 
Chapter III. Electrochemical activation of 3D printed electrodes                                         92 
P. L. dos Santos, Ph.D. Thesis 
 
Figure III-15. (A) Cyclic voltammograms of the as-printed 3D printed graphene electrode 
(3DGrE), the oxidized 3D graphene electrode (3DGroxE) and the electrochemically reduced 3D 
graphene electrodes (3DGrredE) in 5 mmol L
-1 K3[Fe(CN)6] containing 0.1 mol L
-1 KCl, at 10 
mV s-1. (B) The relationship between the peak-to-peak separation from the cyclic 
voltammogram, the heterogeneous rate constant (k0obs) and the reduction potential applied to 
3DGroxE. 
 
The electrochemical response of the electrodes towards [Ru(NH3)6]Cl3 is sensitive to 
the electronic structure of the electrode materials [158]. Insertion of functional groups and 
fragmentation of the graphene sheets promotes alterations in the band structure and in the 
density of states (DOS) of the electrodes, as confirmed by Raman spectroscopy. It has been 
reported that pristine graphene with no defects exhibits a low DOS, which increases with 
disorder [159]. Additionally, a higher DOS increases the possibility that an electron of suitable 
energy is available for electron transfer with the redox probe [160]. 
Furthermore, the strong dependence of the electron transfer of graphite [161], carbon 
nanotubes [162,163] and graphene [132,164,165] electrodes on the surface coverage of edge 
and basal planes has been extensively studied. All of them exhibited low heterogeneous electron 
transfer rate constant (k0obs) when a large content of basal planes is present. Therefore, it 
confirms that the origin of the electron transfer of electrodes based on carbon-materials is the 
edge plane. 
In this sense, the electron transfer rates for the 3D graphene electrodes can be 
determined using the Nicholson method, Equation (III-1). To establish a relation between the 
number of edge/basal planes and the electron transfer kinetics, Hallam et al. [166] proposed the 
Equation (III-2). 
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𝑘𝑜𝑏𝑠
0 = 𝑘𝑒𝑑𝑔𝑒
0 (𝜃𝑒𝑑𝑔𝑒) + 𝑘𝑏𝑎𝑠𝑎𝑙
0 (1 − 𝜃𝑒𝑑𝑔𝑒)  (III-2) 




basal the electron transfer rate for 
edge plane and basal plane, respectively; edge is the number of edge sites on the surface of the 
electrode. According to Davies et al. [161]the major contribution in k0obs comes from the edge 
planes which have the highest electron transfer rate (0.4 cm s-1 = k0edge >>> k
0
basal = 1.0 x 10
-9 








0 × 100 
(III-3) 
 
The values of k0obs edge and the electroactive areas (Ae) of the 3D printed graphene 
electrodes are presented in Table III-2. The slowest electron transfer kinetics of the as-printed 
graphene electrode (3DGrE) can be attributed to low exposure of graphene sheets, as confirmed 
by AFM, only 0.06% of its surface is covered by graphene edge planes. Additionally, this can 
explain the smallest electroactive area of the 3DGrE. The electrochemical pre-treatments 
improve the electroactive areas and the electron transfer rates, due to the increase of the DOS 
of the electrodes and the exposition of the edges planes of graphene.  
 
Table III-2: Electroactive areas, heterogeneous rate constants and amount of edge sites of the 
3D printed graphene electrodes, from the voltammograms presented in Figure III-15 and Figure 
III-13. 
Electrode 𝑨𝒆 (cm
2) k0obs (cm s-1) edge (%) 
3DGrE 0.050 2.47 x 10-4 0.06 
3DGroxE 0.104 7.64 x 10
-4 0.20 
3DGrredE (-1.0 V) 0.222 4.79 x 10
-4 0.11 
3DGrredE (-1.2 V) 0.299 5.23 x 10
-4 0.12 
3DGrredE (-1.4 V) 0.242 3.61 x 10
-4 0.08 
3DGrredE (-1.6 V) 0.237 3.74 x 10
-4 0.08 
3DGrredE (-1.8 V) 0.254 4.72 x 10
-4 0.11 
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To investigate the effect of the presence of functional groups on the electrochemical 
properties of the oxidized and reduced 3D graphene electrodes, the inner-sphere redox mediator 
[Fe(CN)6]
3-/4- was used (Figure III-16A). The heterogeneous rate constants for the electron 
transfer between the [Fe(CN)6]
3-/4- probe and the 3D printed graphene electrodes are depicted 
in Figure III-16B.  
 
Figure III-16. (A) Cyclic voltammograms of the as-printed 3D printed graphene electrode 
(3DGrE), the oxidized 3D graphene electrode (3DGroxE) and the electrochemically reduced 3D 
graphene electrodes (3DGrredE) in 5 mmol L
-1 K3[Fe(CN)6] containing 0.1 mol L
-1 KCl, at 10 
mV s-1. (B) The relationship between the peak-to-peak separation from the cyclic 
voltammogram, the heterogeneous rate constant (k0obs) and the reduction potential applied to 
3DGroxE. 
 
The electron transfer rate for the [Fe(CN)6]
3-/4- redox probe is affected by electronic 
factors and by specific surface interactions [167]. According to Figure III-16, the electron 
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transfer process was completely blocked on the 3DGrE, probably due to the lowest DOS and 
high exposure of the graphene basal planes, as discussed above. Although the oxidation process 
could induce the exposition of the graphene edges planes on the 3DGroxE, the increased amount 
of oxygenated functional groups blocked the electron transfer. After the reduction of 3DGroxE, 
a decrease in the number of functional groups is expected and an increase of k0obs is observed 
when more cathodic potentials were applied.  
3.3.4. Electrochemical detection of dopamine 
The performances of the 3D graphene electrodes for detection of dopamine were 
evaluated by differential pulse voltammetry (DPV), as illustrated in Figure III-17. 
 
Figure III-17. Comparison between the differential pulse voltammograms of the 3D printed 
graphene electrodes in the absence (gray line) and the presence of 0.01 mmol L-1 of dopamine. 
Supporting electrolyte: 0.1 mol L-1 KCl in 0.1 mol L-1 PBS (pH 7.4). 
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As it can be seen in Figure III-18, upon addition of dopamine, a well-defined oxidation 
peak close to 0.12 V vs. SCE appears in all electrodes, except in the 3DGrE. This Faradaic 
process is assigned to the oxidation of dopamine to dopaminequinone, which can be converted 
to leuco-dopaminoquinone through cyclization reaction at pH close to neutral or basic. Then, 
leuco-dopaminoquinone can be oxidized to dopaminochrome [127,128]. 
 
 
Figure III-18. DPV of (A) the as-printed 3D printed graphene electrode, (B) the oxidized 3D 
electrode and the electrochemically reduced at the ranges (C) from 0 to -1.0 V, (D) from 0 to -
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1.2 V, (E) from 0 to -1.4 V, (F) from 0 to -1.6 V and (G) from 0 to -1.8 V vs. SCE at different 
concentrations of DA from 5.0 to 69.0 mol L-1 in N2 saturated and 0.1 mol L
-1 PBS (pH = 7.4) 
containing 0.1 mol L-1 KCl. (H) Plots of the anodic peak current as a function of DA 
concentration. 
 
According to Figure III-18, the as-printed electrode, 3DGrE, has a poor sensitivity 
toward DA detection, and presented the smallest current density, due to its slow electron 
transfer kinetics and absence of functional groups which could interact with DA. The electro-
oxidation pre-treatment induced exposition of the edge planes of graphene and formation of 
oxygenated groups, thus increasing the current density at 3DGroxE. However, the lowest current 
density was observed at this electrode, due to its poor electron transfer, as showed in Figure 
III-18. The electrochemical reduction improved the electron transfer rate, decreasing the 
electro-oxidation potential (Epa) of dopamine. The increase in the number of sp
2 domains in the 
reduced electrodes facilitates interaction with dopamine through - stacking. Moreover, the 
presence of residual oxygen groups allows the interaction with the analyte by the formation of 
hydrogen bonds. The greatest current density was observed for the 3DGredE(-1.2V), as shown 
in Figure III-18. The 3DGredE(-1.8V) presented the lowest Epa, which makes it the best choice 
for the electrochemical sensing applications towards dopamine.  
Thus, DPV measurements for detection of dopamine at the 3DGredE(-1.8V) were carried 
out in triplicate as illustrated in Figure III-19A. The increase of the anodic peak current density 
in function of the concentration of dopamine is presented in Figure III-19B-C, which shows a 
linear response in two different ranges, from 2.0 mol L-1 to 10.0 mol L-1 and from 12.4 mol 
L-1 to 22.3 mol L-1. The detection limits (LOD) were determined based on the standard 
deviations of the intercepts () and the slopes (s) of the linear calibration curves presented in 
Figure III-19C (LOD=3.3 /s). The LOD for the first and the second linear ranges were 0.24 
mol L-1 and 2.63 mol L-1, respectively. 
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Figure III-19. (A) Differential pulse voltammograms of 3DGrredE(-1.8V) at different 
concentrations of DA from 2.0 to 93.8 mol L-1 in N2 saturated atmosphere and 0.1 mol L
-1 
PBS (pH = 7.4) containing 0.1 mol L-1 KCl. (B-C) plots of the anodic peak current as a function 
of DA concentration. 
 
A comparison of the performance of the 3DGrredE(-1.8V) with various relevant 
literature reports of modified electrodes with graphene-based materials is presented in Table 
III-3. The sensor proposed in this work has presented detection limits in the same order of 
magnitude of modified glassy carbon electrodes, operating in biological conditions, at pH 7.4. 
The electrocatalytic properties of the 3D graphene electrodes are strongly dependent on their 
structural defects, the number of edges planes and the presence of functional groups. Using a 
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simple method for oxidation/reduction of the electrodes, graphene sheets were exposed on the 
surface and functional groups were created. Thus, the good performance of the low-cost 
proposed electrode is a result of the improved electron transfer kinetics and the interaction with 
dopamine by - stacking and hydrogen bonds.   
 
Table III-3:Comparison of the performances of modified electrodes with graphene-based 







GO/GCEa B-R 5.0 1.0-15.0 0.27 DPV [66] 
ERGO/GCEb PBS 7.0 0.5-60.0 0.50 DPV [138] 
Graphene/HPHT 
diamond 
PBS 7.0 5.0-2000.0 0.20 DPV [168] 








3DGrredE(-1.8V) PBS 7.4 2.0-10.0 0.24 DPV This work 
GO: graphene oxide; ERGO: electrochemically reduced graphene oxide; HPHT-diamond: 
high-pressure high-temperature diamond substrate; pGr: mechanically pulverized graphite, 
SPGNE: screen-printed graphene electrode. 
aIn the presence of AA; bIn the presence of AA and UA 
 
3.4. Reproducibility, reusability, stability and interference study. 
To evaluate the reproducibility of the 3DGrredE(-1.8V), four electrodes were fabricated 
under the same conditions and used for detection of 0.01 mmol L-1 DA in 0.1 mol L-1 PBS 
containing 0.1 mol L-1 KCl. The relative standard deviations (RSD) in the oxidation peak 
currents in DPVs (Figure III-20) was 1.97%, indicating excellent reproducibility of the method.  
The RSD for five successive determination of 0.01 mmoL-1 DA (Figure III-21), using 
the same electrode, was 1.19%, which confirms the low susceptibility to electrode fouling. The 
electrode was stored in 0.1 mol L-1 PBS and 0.1 mol L-1 KCl at 4°C for 30 days and its long 
term-stability was investigated. As presented in Figure III-22, the 3DGrredE(-1.8V) retained 
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62% of its initial current response, and the oxidation peak shifted to more anodic potential (E 
= 15.1 mV), probably due to oxidation of the surface by air exposure.  
 
 
Figure III-20. DPV response of four 3DGroxE(-1.8V) electrodes prepared in the same 
conditions for detection of 0.01 mmol L-1 of DA in 0.1 mol L-1 PBS containing 0.1 mol L-1 KCl. 
 
 
Figure III-21. DPV response of the 3DGroxE(-1.8V) reused five times for detection of 0.01 
mmol L-1 of DA in 0.1 mol L-1 PBS containing 0.1 mol L-1 KCl. 
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Figure III-22. Comparison between the differential pulse voltammograms of the 3DGroxE(-
1.8V) freshly fabricated and reused after 30 days in 0.1 mol L-1 PBS containing 0.1 mol L-1 KCl 
and 0.01 mmol L-1 of DA. 
 
The main sources of interference in detection of dopamine are ascorbic acid (AA) and 
uric acid (UA), which can coexist in biological fluids. To investigate the possible interference 
of these molecules at the 3DGrredE(-1.8V), chronoamperometry was performed after addition 
of 0.01 mmol L-1 DA, followed by addition of 0.01 mmol L-1 AA and 0.01 mmol L-1 UA (Figure 
III-23). Addition of UA resulted in a negligible current response, but AA can affect the 
selectivity of the electrode, showing a current response of ~19%. 
 
Figure III-23. Amperometric response of 3DGrredE(-1.8V) in 0.1 mol L
-1 PBS (pH = 7.4) 
containing 0.1 mol L-1 KCl at an applied potential of +0.12 V vs. SCE with successive addition 
of 0.01 mmol L-1 of dopamine (DA), ascorbic acid (AA) and uric acid (UA). 
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3.5. Conclusion 
In Chapter III, we have demonstrated the improvement in the electrocatalytic activity of 
3D printed graphene electrodes upon electrochemical pre-treatments. The electrochemical 
properties of the electrodes could be easily modulated by applying different potential ranges. 
After oxidation at +1.8 V, followed by reduction from 0 to -1.8 V vs. SCE, the number of 
structural defects and edges planes exposure on the surface increased, explaining the faster 
electron transfer kinetics. Additionally, the exposure of graphene sheets on the surface of the 
electrode and the presence of oxygen functionalities potentialized the interaction with 
dopamine. The sensor proposed in this work has presented detection limits in the same order of 
magnitude of graphene modified glassy carbon electrodes, operating in biological conditions, 
at pH 7.4. It is a promising alternative for development of electrochemical devices at large-
scale, due to its low-cost, robustness, reproducibility and reusability. In addition, the 
functionalization and modulation of structural characteristics of the 3D graphene electrodes 
opens new possibilities for immobilization of materials with electrocatalytic properties, thus, 
allowing detection of wide range of analytes. 
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Chapter IV  
Ni-Fe (oxy)hydroxide Modified Graphene 3D-Printed 
Electrodes as Efficient Electrocatalyst for Oxygen 
Evolution Reaction 
 
The content of Chapter IV is an adaptation of the article entitled “Ni-Fe (oxy)hydroxide 
Modified Graphene 3D-Printed Electrodes as Efficient Electrocatalyst for Oxygen Evolution Reaction” 
by Pãmyla L. dos Santos, Samuel J. Rowley-Neale, Alejandro G-M Ferrari, Juliano A. Bonacin and 
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4.1. Introduction 
There is a strong impetus to implement non-polluting energy generation techniques, as 
fossil fuel (FF) alternatives are likely to exasperate the effects of anthropogenic climate change. 
The major limiting factor to the ubiquitous implementation of renewable energy sources within 
a power grid is there often poor correlation to consumer demand. Methods of storing the 
generated energy for use, as and when required are therefore vital. A promising potential energy 
storage medium is hydrogen gas generated via water splitting within a water electrolyser. The 
generated hydrogen can then be utilized within hydrogen fuel cell to produce power for a 
plethora of applications. 
The practical application of water splitting is limited due to the sluggish kinetics of the 
OER, which typically requires a noble metal-based catalyst, such as ruthenium and iridium 
oxides[170], to occur efficiently. However, RuO2 and IrO2 are unstable in anodic conditions 
due to formation of soluble species with high oxidation states, RuO4 and IrO3/IrO4
2–, 
respectively [171,172]. Additionally, their high-cost and low earth abundances result in 
hydrogen being utilized as a fuel source not to be cost competitive with FF based alternatives. 
Research has therefore focused upon the development of new catalysts for that are 
electrocatalytically/cost competitive as well earth abundant [173] and highly stable in strong 
oxidizing conditions. 
The first-row transition metals (oxy)hydroxides, have been shown to be possible 
alternatives to noble metal-based electrocatalysts. Numerous studies that utilize transition 
metals (oxy)hydroxides are highlighted with Table IV-1. One such example is the work of 
Jaśkaniec et al. [174], whom reported the use of Ni-Fe layered double hydroxide (LDH) 
platelets to reduce the overpotential of nickel foam electrodes from 430 mV to 360 mV.  
The electrocatalysis resulting from this Ni-Fe modification is due to OER reaction 
mechanism involving the formation of MOH, MO and MOOH intermediates. In alkaline 
conditions, O2 can be produced by direct reaction between MO intermediates, Equations from 
(IV-1) to (IV-3)[72], or can involve formation of MOOH species, Equations from (IV-4) to 
(IV-7) . The electrocatalytic activity depends on the interactions, adsorption and desorption, 
between the metallic reactive site and the intermediates. Thus, the superior activity of NiOOH 
when compared to Co, Fe and Mn (oxy)hydroxide family, has been ascribed to the optimal 
bonding strength of Ni-O [175]. Furthermore, the catalytic activity of NiOOH can be enhanced 
by incorporation of 10-50 atomic % of Fe. The role of Fe on the performance of Ni1-xFexOOH 
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catalysts remains unclear and it have been studied extensively by theorical/computational 
studies[176] and in-operando experiments [79,177,178]. 
 
Table IV-1. Currently literature involving Ni-Fe (oxy)hydroxides-based electrocatalyst 











NiOOH Au 0.1 KOH ~ 480 55 [177]  
FeOOH Au 0.1 KOH ~530 54 [177]  
Ni0.59Fe0.41OOH Au 0.1 KOH 280 40 [177]  
Ni-Fe-LDH GCE 1.0 KOH 300 40 [179]  
Ni-Fe-LDH GCE 1.0 KOH 240 39 [79]  
Ni-Fe LDH nanoprisms GCE 1.0 KOH 280 49 [180]  
Ni-Fe LDH nanoprisms Ni-foam 1.0 KOH 295 59 [180]  
Ni-Fe nanosheets Ni foam 0.1 KOH 240 33 [181]  
Ni-Fe-LDH platelets Ni foam 0.1 KOH 360 - [174]  
Ni-Fe-LDH Ni foil 0.1 KOH 410 58 [182]  
Ni-Fe-LDH Fe foil 0.1 KOH 390 55 [182]  
Ni-Fe-LDH Ni-Fe alloy foil 0.1 KOH 130 40 [182]  
Ni-Fe-LDH/rGO Ni foam 1.0 KOH 195 40 [183]  
Ni-Fe-LDH/NGF GCE 0.1 KOH 337 45 [184]  
Ni-Fe-LDH/CNT GCE 1.0 KOH 300 31 [185]  




*Overpotential vs. RHE at at 10 mA cm-2 
 
Direct combination of 2MO intermediates:  
2M + 2OH− → 2MOH + 2e− (IV-1) 
2MOH + 2OH− → 2MO + 2H2O(l) +  2e
− (IV-2) 
2MO → 2M + O2(g) (IV-3) 
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Formation of MOOH intermediates: 
M+ OH− → MOH + e− (IV-4) 
MOH + OH− → MO+ H2O(l) + e
− (IV-5) 
MO+ OH− → MOOH + e− (IV-6) 
MOOH + OH− → M+ O2(g) + H2O(l) + e
− (IV-7) 
 
As it can be seen in Table IV-1, several substrates, such as nickel foam [174,181] , gold 
[177] and glassy carbon electrodes [179,185], have been used for deposition of Ni1-xFexOOH. 
Recently, Xiang et al.[182] have reported the use of Fe-Ni alloy foil as a substrate to grow Ni-
Fe (oxy)hydroxide vertically oriented, which allows a facile access to the catalytic sites and a 
favorable adsorption of OH intermediate during OER. However, these electrodes lack 
transferability to “real world” applications, the use of 3D printing in order to produce electrodes 
offers advantages over traditional electrodes due to the ability to produce robust electrodes-
prototypes quickly, cheaply and in geometries not possible by any other technique [83]. 
Previous studies have utilized 3D printing to develop supercapacitors [89,146], batteries [92] 
and electrochemical sensors [90,91].  
In chapter IV, we report the use of cost-effective Ni-Fe (oxy)hydroxides modified 
graphene 3D-printed electrodes as highly efficient electrocatalysts for the OER in alkaline 
medium. The 3DGrEs were submitted to an electrochemical pre-treatment and films of Ni or 





Potassium chloride (KCl), Potassium hydroxide (KOH), potassium 
hexacyanidoferrate(II) (K4[Fe(CN)6]) and hexaammineruthenium(III) chloride 
([Ru(NH3)6]Cl3) were purchased from Sigma-Aldrich. Conductive Graphene 3D Printing PLA 
Filament was purchased from Black Magic 3D.27 (volume resistivity: 0.6 Ω cm–1). All 
chemicals were of analytical grade and used without any further purification. The aqueous 
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solutions were prepared with ultrapure water (>18 MΩ cm–1) obtained from a Milli-Q Plus 
system (Millipore). 
 
4.2.2. Design and fabrication of the electrodes 
The 3D-printed graphene electrodes (3DGrEs) were produced from commercial 
conductive graphene/polylactic acid filament Black magic, as described in section 3.2.2 of 
Chapter III, page 76. 
 
4.2.3. Electrode modification 
Before the electrodeposition of the Ni(OH)2 or Ni1-xFexOOH, the 3DGrEs were 
submitted to an electrochemical pre-treatment in 0.1 mol L-1 PBS (pH 7.4),[105]. Then, films 
of Ni(OH)2 were produced from 10 mmol L
-1 NiSO4∙6H2O. Bimetallic hydroxide films were 
obtained from varied concentrations of NiSO4∙6H2O and FeSO4∙7H2O with total metal content 
of 10 mmol L-1. Electrodeposition was carried out by chronopotentiometry as reported by Louie 
et al. [177], applying a cathodic current density of 50 µA cm–2 for 1125 s. 
 
4.2.4. Electrochemical measurements 
Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) measurements were 
carried out using an AUTOLAB PGSTAT101 driven by NOVA 2.0 software. The pre-treated 
bare/unmodified or modified graphene 3D-printed electrode was used as working electrode, 
saturated calomel electrode (SCE) as a reference electrode, note that the obtained potential 
values have been converted to a reversible hydrogen electrode (ERHE = ESCE + 0.059 pH + 0.242) 
for comparative purposes, and a platinum wire as counter electrode. Oxygen was removed by 
bubbling nitrogen for 15 min through the solution before each electrochemical measurement. 
To study oxygen evolution reaction (OER), linear sweep voltammetry (LSV) 
measurements were performed in 0.1 mol L-1 KOH at a scan rate of 10 mV s–1. The stability of 
the modified 3D printed electrode was evaluated by applying 1000 voltammetric cycles in 0.1 
mol L-1 KOH at 100 mV s–1. For stability study, a carbon screen-printed electrode was used as 
counter electrode in order to prevent migration of Pt to the working electrode. 
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The electroactive areas and the heterogeneous rate constants (k0outer) of the bare and 
modified 3D printed graphene electrodes were determined from the voltammograms recorded 
in 0.1 mol L-1 KCl containing 1 mmol L-1 [Ru(NH3)6]
3+, using the the Randles-Ševčíck equation 
[130] and the Nicholson method [153], respectively. 
The heterogeneous rate constants (k0inner) of the bare and modified 3D printed graphene 
electrodes were from the Nyquit plots recorded in 0.1 mol L-1 KCl containing 0.5 mmol L-1 
K3[Fe(CN)6] and 0.5 mmol L
-1 K4[Fe(CN)6]. The charge transfer resistances (Rct) were 
determined from the Nyquit plots recorded in 0.1 mol L-1 KCl containing 0.5 mmol L-1 
K3[Fe(CN)6] and 0.5 mmol L
-1 K4[Fe(CN)6]. Electrochemical impedance spectroscopy 
experiments were performed in the frequency range of 0.1 to 105 Hz under open circuit 
potential. The heterogeneous rate constants (kºinner) for the redox probe [Fe(CN)6]
4-/3- were 











where Rct is the charge transfer resistance, R is the gas constant, and T is the temperature of the 
solution, n is the number of electrons transferred, F is the Faraday constant, kº is the 
heterogeneous rate constants, C is the concentration of the redox probe,  is assumed to 
correspond to 0.5. 
The number of edge planes was determined using the Equation (IV-9), proposed by 




0 (𝜃𝑒𝑑𝑔𝑒) (IV-9) 
 
where k0obs is the observed electron transfer rate and k
0
edge the electron transfer rate for edge 
plane (0.4 cm s-1)[161]. 
 
4.2.5. Turnover frequency (TOF) 
Turnover frequencies were calculated via Equation (IV-10): 
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where j is the measured current density at an overpotential of 350 mV, Ae is the 
electrochemically active surface area of the working electrode (cm2), NA is the Avogadro 
constant, F is the Faraday constant, 4 is the number of electrons involved in the OER and n is 
the number of Ni sites present in the working electrode. 
 
The number of Ni sites involved in catalyzing the OER were estimated by two ways. In 
the first one, we have considered 6.4×1014 Ni atom per cm2 area as reported by Louie and Bell 
[177] and the % Ni from the XPS data to calculate TOFmax. In the second method, the thickness 
of the films and the % Ni from the XPS data were considered to calculate TOFmin. Additionally, 
it was considered a monolayer thickness of ca. 8 Å for -Ni(OH)2 as reported by Trotochaud 
et al [187]. 
 
4.2.6. Characterization 
The morphologies of the bare and modified 3DGrEs were analyzed by scanning electron 
microscope (SEM) using a Zeiss SUPRA 40 (Carl Zeiss Ltd, Germany). Composition of the 
electrodes were investigated by energy dispersive X-rays spectroscopy (EDS) using an Apollo 
40 SDD (EDAX Inc., USA), coupled to the SEM. Raman spectra were recorded using a 
Renishaw inVia Raman microscope spectrometer (Renishaw PLC, UK) equipped with an argon 
laser ( = 514.3 nm). XPS depth profiling measurements were obtained using a Kratos 
analytical (United Kingdom), Supra XPS, which had an automated water cooled 500mm quartz 
crystal monochromator X-ray source. Al Kα X-rays at 1486.7 eV are diffracted by an X-ray 
mirror consisting of quartz crystals mounted on a toroid. The argon beam being from a multi-
mode gas ion source offers the capability to generate both monatomic Ar+ ions and Arn+ cluster 
ions with n = 500 to 3000. Monatomic ions can be produced with beam energies from 500 eV 
to 8 keV. spot size: ≤ 500 µm. Data processed using ESCApe data-system. Atomic force 
microscopy (AFM) measurement was obtained using a HQ:NSC19/Al BS silicon tip back 
coated with aluminium (Mikromasch, France) connected to a Smart SPM1000 coupled to an 
XploRa PLUS V1.2 (using Omegascope AIST-NT v3.5 and LabSepc 6 respectively; Horiba, 
France) and a vibration isolation table, all carried out using AC mode. Samples were attached 
to magnetic disks using double sided tape. 
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4.3. Results and Discussion 
4.3.1. Pre-treatment and modification of the 3DGrE 
When combined with reduced graphene oxide (rGO), the performance of the hybrid 
material can be increased due to the synergistic effect between the catalytic activity of the nickel 
or nickel-iron (oxy)hydroxides and the fast electron transfer kinetics of rGO. In addition, 
oxygenated functional groups of rGO can improve the stability of the catalysts, due to the strong 
interactions with NiOOH or NixFe1-xOOH [183]. Thus, an electrochemical activation pre-
treatment of the 3DGrEs, consisting in two steps procedure, was carried out. In the first step, a 
high anodic potential (+1.8 V) was applied for 15 minutes to create oxygen functionalities and 
exfoliated the graphene sheets, which were compacted in the polymeric matrix. In the second 
step, cyclic voltammetry was performed in cathodic direction to partially reduced the oxidized 
graphene structure and improve the electron transfer kinetics. After the pre-treatment, insulating 
PLA layer can be removed from the surface of the electrode, exposing the graphene [91] sheets 
and, consequently, decreasing the charge transfer resistance (Figure IV-1).  
 
 
Figure IV-1. Nyquist plot of the 3D-printed graphene electrode before and after the 
electrochemical pre-treatment. Electrochemical impedance spectroscopy measurements were 
performed in 0.1 mol L-1 KCl containing 0.5 mmol L-1 K3[Fe(CN)6] and 0.5 mmol L
-1 
K4[Fe(CN)6],  in the frequency range of 0.1 to 10
5 Hz, using an amplitude of 10 mV, under 
open circuit potential. 
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The electrodeposition of Ni-Fe films on the pre-treated graphene 3DGrEs was 
undertaken in cathodic conditions. Hydroxide ions are generated by the electrolytic 
decomposition of water, Equation (IV-11). Therefore, Ni2+ and Fe2+ ions react with produced 




− → H2 + 2OH
− (IV-11) 
(1 − 𝑥)Ni2+ + 𝑥Fe2+ + 2OH− → Ni1−𝑥Fe𝑥(OH)2 (IV-12) 
 
Figure IV-2 shows an illustration of the pre-treatment/electrodeposition and the 
electrochemical curves resulted from these processes, chronocoulometric, cyclic 
voltammogram and chronoamperometric curves.  
 
 
Figure IV-2. Schematic illustration for the pre-treatment and modification of the graphene 3D-
printed electrode: compacted graphene sheets in the polymeric matrix (A), oxidation and 
exfoliation of the graphene sheets (B), reduction of the oxidized graphene sheets (C), 
electrodeposition of Ni or Ni-Fe (oxy)hydroxides (D). Digital picture and design of the 3D-
printed electrode (E). Electrochemical measurements showing the pre-treatment and 
electrodeposition: chronocoulometric curve (Q vs. t) of the as-printed 3DGrE under applied 
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potential of +1.8 V in 0.1 mol L-1 PBS (F); cyclic voltammogram of the oxidized 3DGrE in 0.1 
mol L-1 PBS at 50 mV s-1 (G); chronoamperometric curve in Ni or Ni-Fe sulphate solution, 
under applied current density of -50 A cm-2 (H). 
 
4.3.2. Application of the 3DGrE/Ni1-xFexOOH towards the OER 
Electrocatalytic activities of the bare/unmodified and modified electrodes with respect 
to OER were investigated in 0.1 mol L-1 KOH. Figure IV-3A shows the polarization curves of 
bare and modified 3DGrEs with Ni(OH)2 and Ni1-xFex(OH)2, x = 5, 10, 20 and 40%. The 
oxidation peak observed at + 1.49 V vs. RHE is assigned to electrochemical process between 
Ni(OH)2 and NiOOH in alkaline media, Equation (IV-13). The oxidation peak shift to more 
positive potentials with increasing the iron content, indicating changes in the electronic 
structure. The details of these changes and their precise effect on the catalysis mechanism 
remain unknown [187]. 
 
Ni(OH)2 + OH
−  ⇌ NiOOH + H2O + e
− (IV-13) 
 
The overpotentials were determined at a geometric current density of 10 mA cm-2. As 
comparison, the performances of the bare 3DGrE and the benchmark Ir electrode were 
evaluated. The substrate 3DGrE presented weak current density, even in high potentials, 
indicating negligible electrocatalytic activity toward the OER. The Ni and Ni-Fe films with 5, 
10, 20 and 40 % Fe content show significant smaller overpotentials of 771, 751, 519, 635 and 
917 mV vs. RHE, respectively, close to the optimal of OER overpotential of Ir electrode, ca. 
413 V vs. RHE. These results indicated that the 3DGrE-Ni-Fe10% was effective electrocatalyst 
towards OER. Tafel analysis (Figure IV-3B) were performed on the Faradaic sections of the 
LSVs. The iridium electrode exhibited a small Tafel slope of 29 mV dec-1, indicating a faster 
and efficient electrocatalytic process. The bare/unmodified 3DGrE presented Tafel slope of 
1155 mV dec-1, indicating a poor electrocatalytic activity. After the modification, Tafel slopes 
decrease to approximately 179, 167, 46, 70 and 60 mV dec-1 for 3DGrE-Ni, 3DGrE-Ni-Fe5%, 
3DGrE-Ni-Fe10%, 3DGrE-Ni-Fe20% and 3DGrE-Ni-Fe40%, respectively. The similar Tafel slopes 
of the Ni-Fe (oxy)hydroxides suggests a similar mechanism for the OER and a moderate 
electrocatalytic activity. The better activity of these electrodes compared to the Ni film can be 
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associated to the stabilization of the reaction intermediates (-OH, -O and -OOH). It can be 
observed from Figure IV-3C that the electrocatalytic activity of 3DGrE-Ni-Fe10% increased after 
100 and 1000 cycles, probably due exposure of graphene-based material, since it has been 
reported that the protective layer of insulating PLA can be removed in hydroxide solution via 
saponification [189].  
 
 
Figure IV-3. (A) Linear sweep voltammogram (LSVs) with 95% iR-compensation showing 
the OER activity of bare 3DGrE and the modified electrodes: 3DGrE-Ni, 3DGrE-Ni-Fe5%, 
3DGrE-Ni-Fe10%, 3DGrE-Ni-Fe20% and 3DGrE-Ni-Fe40%. Solution composition: 0.1 mol L
-1 
KOH. Scan rate: 10 mV s-1. (B) Tafel analysis; overpotential vs. log of current density for 
faradaic section of the LSV presented in (A). (C) Cyclic stability examination of the 3DGrE-
Ni-Fe10% via CV, repeated for 1000 cycles without iR-compensation. Solution composition: 0.1 
mol L-1 KOH. Scan rate: 100 mV s-1. 
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4.3.3. Electrochemical behavior in [Ru(NH3)6]2+/3+ and [Fe(CN)6]4-/3- 
To better understand the differences of the performances of the bare/unmodified and 
modified 3DGrEs, their electrochemical properties were studied. It well known that the 
electrochemical properties of graphite and graphene-based electrodes are dependent on 
structural defects, presence of functional groups and exposure of edge and basal planes 
[164,165,190].  Moreover, the main contribution on the electron transfer comes from the edge 
planes. In this sense, the effect of the partial/complete coverage of these planes on the 
electrochemical properties of screen-printed graphene-like electrodes was investigated by 
Rowley-Neale et al [191]. The authors reported that MoO2 films blocks the edge planes of 
graphene, reducing the electrochemical reactivity of the electrodes. The influence of the 
coverage of the 3D-printed graphene with Ni and Ni-Fe (oxy)hydroxides was studied by cyclic 
voltammetry, in the presence of the outer-sphere redox probe, [Ru(NH)6]
3+, which is sensitive 
to electronic structure of the electrode materials, Figure IV-4 and Figure IV-5.  
Additionally, the effect of the modification of the 3DGrEs was investigated by 
electrochemical impedance spectroscopy (EIS, Figure IV-6), using the inner-sphere mediator 
[Fe(CN)6]
4-/3-, which is sensitive to the surface chemistry of the electrodes. Thus, the charge 
transfer resistance (RCT), the heterogeneous electron transfer rate constants using the inner 
(kºinner) and outer-sphere (k
º
outer) probes, and the number of edge planes (edge) were determined 
and presented in Table IV-2. A relationship between kºouter and RCT is presented in Figure IV-7. 
The bare electrode presented the lowest value of RCT due to the high conductivity of the 
graphene-based materials and the higher exposure of edge plans, ca. 0.77%. After the 
modification with Ni(OH)2 [192], the electron transfer rates decreased, due to coverage of the 
edges planes of graphene on the surface of the 3DGrE. Furthermore, the kºinner decreased by 
approximately one order of magnitude, due to poor electrical conductivity of the Ni(OH)2 film 
and the hindrance of charge transfer. The RCT of the modified electrodes decreased upon 
electrodeposition of Fe. This result is consistent with previous report, since the conductivity of 
nickel (oxy)hydroxide can increase by ca. 30-fold upon coprecipitation with Fe [187]. Thus, it 
should expect that the electrode with the highest content of iron presented the faster electron 
transfer kinetics. However, the bimetallic (oxy)hydroxide with 10% Fe concentration presented 
the lowest charge transfer resistance, probably due to the partial coverage of the 3D electrode, 
since the number of edge planes (edge = 0.59%) was the higher than the modified electrodes. 
In this sense, the best performance of the 3DGrE-Ni-Fe10% towards OER can be associated to 
the optimal ratio of graphene edge planes/electrocatalytic sites. 
Chapter IV. 3D printed electrodes modified with electrocatalysts for OER        115 
P. L. dos Santos, Ph.D. Thesis 
 
 
Figure IV-4. Cyclic voltammograms of (A) bare and modified 3D printed graphene electrode 
(3DGrE) with (B) Ni(OH)2 and (C) Ni1-xFex(OH)2 with 5% of iron, in 0.1 mol L
-1 KCl 
containing 1 mmol L-1 [Ru(NH3)6]Cl3 at different scan rates. (D-F) Their respectively linear 
relationships between the anodic peak current and the square root of scan rate. 
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Figure IV-5. Cyclic voltammograms of Ni1-xFex(OH)2 modified 3DGrE (A) 10%, (B) 20% and 
(C) 40% of iron, in 0.1 mol L-1 KCl containing 1 mmol L-1 [Ru(NH3)6]Cl3 at different scan 
rates. (D-F) Their respective linear relationships between the anodic peak current and the square 
root of scan rate. 
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Figure IV-6. Nyquist plots of the bare 3DGrE and modified with Ni and Ni-Fe (oxy)hydroxides 
with different Fe content. Electrochemical impedance spectroscopy measurements were 
performed in 0.1 mol L-1 KCl containing 0.5 mmol L-1 K3[Fe(CN)6] and 0.5 mmol L
-1 
K4[Fe(CN)6], in the frequency range of 0.1 to 10




Figure IV-7. Relationship between the heterogeneous electron transfer rate in [Ru(NH3)6]
3+ 
and the charge transfer resistance in [Fe(CN)6]
4-/3-. 
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Table IV-2: Charge transfer resistance and heterogeneous rate constants of the bare and 
modified graphene 3D-printed electrodes. 
Electrode 
 [Ru(NH3)6]2+/3+ [Fe(CN)6]3-/4- 
Ae (cm2) k0obs (cm s-1) edge (%) RCT () k0obs (cm s-1) 
3DGrE 0.55 3.09 x 10-3 0.77 3128 1.56 x 10-4 
3DGrE-Ni 0.35 1.63 x 10-3 0.40 30360 1.61 x 10-5 
3DGrE-Ni-Fe5% 0.23 1.79 x 10-3 0.45 7609 6.40 x 10-5 
3DGrE-Ni-Fe10% 0.31 2.38 x 10-3 0.59 4011 1.21 x 10-4 
3DGrE-Ni-Fe20% 0.28 1.79 x 10-3 0.44 5244 9.29 x 10-5 
3DGrE-Ni-Fe40% 0.31 2.28 x 10-3 0.57 5410 9.01 x 10-5 
 
4.3.4. Characterization and Turnover Frequency calculations 
Raman spectra of the bare and modified electrodes are shown in Figure IV-8. 
 
Figure IV-8. Raman spectra of the bare 3DGrE and the modified electrodes: 3DGrE-Ni, 
3DGrE-Ni-Fe5%, 3DGrE-Ni-Fe10%, 3DGrE-Ni-Fe20% and 3DGrE-Ni-Fe40%. 
 
The bands between 1300 to 1600 cm-1 are assigned to network vibrational modes of 
graphene-based material[119]. Bands attributed to vibrational modes of the catalysts Ni or Ni-
Fe (oxy)hydroxides were not observed, probably due to the low thickness of the films. The ratio 
between the D (~ 1350 cm-1) and G (~ 1580 cm-1) bands is an indicator the degree of disorder 
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or structural defects of graphene network[156]. Therefore, as it can be seen in Table IV-3, the 
bare/unmodified electrode presented the lower value of ID/IG and the number of defects 
increased after modification. 
 
Table IV-3. Ratio between the intensities of the D and G bands of the bare/unmodified and Ni 









According to Figure IV-9A, the 3DGrE exhibited a rough surface, which is consistent 
to our previous reported [91]. The electrochemical pre-treatment causes removal of PLA from 
the surface, exposing the electroactive sites of graphene. Similar wire-like morphology was 
recently reported by Browne et al. [190], who used a combination of chemical and 
electrochemical activations of PLA/graphene electrodes to improve their electrocatalytic 
activities towards hydrogen evolution reaction. As it can be seen in Figure IV-9B, the 3DGrE 
was completely covered by Ni(OH)2 film. The bimetallic films show vertically oriented flakes 
of Ni-Fe (oxy)hydroxides, which become bigger with the increase of iron content Figure IV-9C-
D and Figure IV-9F-G. Additionally, Ni-Fe flakes were oriented as spheres on some regions of 
the surface of the 3DGrE-Ni-Fe10%, Figure IV-9E. The growth of micro-spheres with high 
surface area contributes to the improved performance of this electrode toward OER. 
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Figure IV-9. Field emission scanning electron microscopy (FEG-SEM) micrographs of (A) 
bare 3DGrE and the modified electrodes: (B) 3DGrE-Ni, (C) 3DGrE-Ni-Fe5%, (D) 3DGrE-Ni-
Fe10%, (E) 3DGrE-Ni-Fe20% and (F) 3DGrE-Ni-Fe40%. Scale bars correspond to 1 µm. 
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The presence of titanium compounds was confirmed by EDS (Figure IV-10), which can 
contribute to the improvement of the activity after the 1000th scan. Note that the XPS analysis 
(Table IV-4) and depth profiling did not detect the presence of titanium. However, cycling in 
0.1 mol L-1 KOH causes degradation of the polymeric matrix via saponification [189], as it can 
be seen in Figure IV-11, exposing active graphene-based material and titanium catalytic sites.  
 
 
Figure IV-10. EDS spectra of (A) bare 3DGrE and the modified electrodes: (B) 3DGrE-Ni, 
(C) 3DGrE-Ni-Fe50%, (D) 3DGrE-Ni-Fe10%, (E) 3DGrE-Ni-Fe20% and (F) 3DGrE-Ni-Fe40%. 
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Table IV-4: XPS analysis of the bare/unmodified and Ni or Ni-Fe (oxy)hydroxide modified 
graphene 3D-printed electrodes 
Element 3DGrE 3DGrE -Ni 3DGrE -Ni-Fe50% 3DGrE -Ni-Fe10% 3DGrE -Ni-Fe20% 3DGrE -Ni-Fe40% 
Ni 2p3/2 ─ 6.27 7.57 7.92 6.63 10.15 
Fe 2p ─ 2.26 3.91 5.43 5.07 8.64 
O 1s 28.95 38.62 38.64 42.57 38.15 46.68 
C 1s 65.9 48.3 43.6 39.26 44.8 31.14 
K 2s ─ 1.44 0.67 2.56 1.17 0.69 
Ca 2p 0.36 0.52 0.07 0.6 0.15 0.16 
Cl 2p ─ 0.52 1.88 0.65 1.23 1.38 
Si 2p 3.92 0.9 1.47 0.44 0.98 ─ 
F 1s ─ 1.17 0.19 0.2 ─ ─ 
N 1s 0.67 ─ 1.75 0.18 1.34 0.61 
S 2p 0.19 ─ 0.24 0.19 0.35 0.48 
Ag 3d5/2 ─ ─ ─ ─ 0.13 0.06 
Key: −; not observed 
 
Figure IV-11. Field emission scanning electron microscopy (FEG-SEM) micrographs of the 
3DGrE-Ni-Fe10% (A) before and (B) after 1000 scans at 100 mV s
-1. 
 
In order to estimate the surface coverage of the electrodeposited Ni-Fe (oxy)hydroxides 
layer on the 3DGrE, XPS depth profiling was performed utilizing a 3DGrE-Ni-Fe40% as a 
representative example. In order to penetrate the Ni-Fe (oxy)hydroxide layer and reveal the 
underlying graphene PLA substrate a 5 keV monoatomic Ar+ beam was applied for 90 s 
intervals after which a XPS spectrum from 0 to 1200 eV was recorded (N=5 was utilized for 
increased peak resolution). Note the destructive process of applying the Ar+ beam was expected 
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to cause Ni and Fe contamination throughout the sampled area, therefore it was decided that 
upon the concentration of Fe (2p) and Ni (2p) reaching >5% it is likely that the graphene/PLA 
substrate had been reached. The initial spectrum recorded can be observed in  
Figure IV-12A where the concentrations of C(1s), Ni(2p), O(1s) and Fe(2p) were found 
to be 28.4, 11.1, 19.1 and 41.5%, respectively. It is of note that the percentage of Fe present 
within the surface coating matches the targeted 40% Fe concentration pre-determined in the 
fabrication technique. It can be seen in  
Figure IV-12B that there is a gradual decrease in the atomic % concentrations of Ni(2p), 
O(1s) and Fe(2p) and a corresponding increase in the concentration of C(1s) until etch number 
52 when the atomic percentages of the C(1s), Ni(2p), O(1s) and Fe(2p) were recorded as 86.1, 
2.5, 7.24 and 4.1%, respectively. Given that the atomic concentration of both Ni and Fe had 
dropped below 5% we concluded that underlying substrate (graphene PLA) had been reached, 





Figure IV-12. (A) XPS depth profiling of a 3DGrE-Ni-Fe40%. The depth profiling consisted of 
a 5 keV monoatomic Ar+ beam applied for 52 intervals of 90 second etches with a XPS 
spectrum (N=5 to ensure peak resolution) initiated 15 seconds post each etch. The elemental 
percentage composition of C, Ni, O and Fe after each etch is shown in (B). 
XPS depth profiling allowed us to determine that the electrodeposited Ni-Fe 
(oxy)hydroxide layer on the 3DGrE-Ni-Fe40% has been penetrated, however it is not possible to 
A 
B 
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measure the depth of layer utilizing this technique. Therefore, AFM analysis was utilized to 
measure the depth between the non-etched surface of the 3DGrE-Ni-Fe40% and the etch crater 
produced by the destructive Ar+ beam. Figure IV-13A shows the recorded height profile taken 
from a cross section of the Ar+ beam crater upon the 3DGrE-Ni-Fe40%‘s surface, which is shown 
Figure IV-13B. Note the increased height at the etch site, this was found within all the sample 
sites and is likely due to a catering effect forcing material to accumulate at the etch sites 
periphery. Utilizing this technique at 5 separate sites it was possible to determine an average 
thickness of ca. 90nm for the 3DGrE-Ni-Fe40% Ni-Fe (oxy)hydroxide layer. Tip Enhanced 
Raman Spectroscopy (TERS) was performed on the etched and non-etched areas of 3DGrE-Ni-
Fe40%, as seen within the three dimensional model produced via AFM given in Figure IV-13C. 
It is clear that the Raman spectrum taken from the non-etched area (location 2) had observable 
vibrational bands within the 300-550 cm-1 region [193], which is characteristic of Ni and Fe 
based materials, that were not present in the etched area (location 1). This is further evidence 
that the Ni-Fe (oxy)hydroxide layer had been removed utilizing the Ar+ beam.  
  
  
Figure IV-13. AFM of the step produced in the 3DGrE-Ni-Fe40% by the Argon beam (5 
keV monoatomic Ar+ beam applied for 52 intervals of 90 second etches) utilized within  
Figure IV-12 depth profiling (A) with the 3DGrEs cross section being given in (B). (C) 3D 
AFM map of the 3DGrE-Ni-Fe40% etch crate with Tip Enhanced Raman Spectroscopy (TERS) 
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The thicknesses of the Ni and Ni-Fe films with 5, 10 and 20% of iron were estimated 
from XPS data and the depth of the Ni-Fe40% film (~ 90 nm). From the atomic percentage of Ni 
and Fe from XPS and taking the density of the films as a weighted average of those for Ni(OH)2 
and Fe(OH)2, 4.1 and 3.4 g cm
-3, respectively, the mass and the thickness of the films could be 
calculated. For example, if the 3DGrE-Ni-Fe40% film has a density of 3.75 g cm
-3 and the volume 
is equal to the geometric surface are (0.5295 cm2) multiplied by the thickness (90 nm), the 
estimated mass is 0.179 g. The mass of the film is proportional to the mass of iron and nickel, 
considering the atomic percentage from XPS and the molar weight, the following relationship 






  and 𝑉 = 𝐴 × ℎ, the thickness of 3DGrE-Ni-Fe10% is 63.74 nm. Where: d 
is density, m is mass, V is volume, A is geometric area of the electrode (0.5295 cm2) and h is 
the film thickness.  Therefore, the thickness of the modified 3DGrEs are presented in Table 
IV-5. 
In order to quantify the electrocatalytic activity, the turnover frequencies (TOF) were 
calculated at an overpotential of 500 mV vs. RHE. For the calculations, the compositions of the 
films were determined by X-ray photoelectron spectroscopy (XPS, Table IV-4). In addition, the 
thickness of the films (Table IV-5) were considered to estimate the TOFmin, assuming that all 
of Ni atoms are catalytic sites. As it can be seen in Table IV-5, 3DGrE-Ni, 3DGrE-Ni-Fe5%, 
3DGrE-Ni-Fe10%, 3DGrE-Ni-Fe20% and 3DGrE-Ni-Fe40% exhibited TOFmin of 0.21, 0.95, 2.11, 
1.72 and 0.37 s-1, respectively. 
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Table IV-5: Thickness of the Ni or Ni-Fe (oxy)hydroxides films. Turnover frequency for the 
OER based on Ni as active site. 
Electrode Thickness (nm) TOFmax (s
-1) TOFmin (s-1) 
3DGrE-Ni 40.69 104.83 0.21 
3DGrE-Ni-Fe5% 54.96 64.89 0.95 
3DGrE-Ni-Fe10% 63.91 167.91 2.11 
3DGrE-Ni-Fe20% 56.01 120.52 1.72 
3DGrE-Ni-Fe40% 90.00 42.03 0.37 
 
4.4. Conclusion 
In Chapter IV, our investigation implemented a technique for the electrodeposition of a 
Ni-Fe (oxy)hydroxide, with a tailorable Fe content, onto graphene incorporated 3D printed 
electrodes (3DGrE-Ni-FeX%) that would display efficient electrocatalysis towards the OER in 
alkaline medium. 
Using an alkaline solution (0.1 mol L-1 KOH) the optimal OER catalysis was observed 
using a 10% content of Fe within the Ni-Fe (oxy)hydroxide (3DGrE-Ni-Fe10%), which displayed 
an overpotential of 519 mV vs. RHE at 10 mA cm–2. This is a remarkable performance given 
the electrode is predominately PLA plastic with only a small percentage incorporation of 
graphene to provide electroconductive pathways within the 3DGrE structure and Ni-Fe 
(oxy)hydroxide coating to catalyse the OER. It was possible to determine the exact elemental 
composition and depth of the Ni-Fe (oxy)hydroxide, which was found to be ca. 90 nm, upon 
the 3DGrEs by employing XPS depth profiling (to penetrate to etch the electrodeposited layer 
away and determine when the underlying graphene/PLA had been reached) in conjunction with 
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Chapter V  
Conclusion and perspectives 
 
In Chapter V, conclusions arising from this research, its limitations as well as perspectives 
for future research are presented. 
 
5.1. Addressal of objectives 
In chapter I four specific objectives for this research were set as listed below:  
i. To synthesize reduced graphene oxide/Prussian blue composites by 
photochemical methods. 
ii. To investigate the performance of a conventional glassy carbon electrode 
modified with the photochemically obtained composite towards sensing of 
hydrogen peroxide and simultaneous detection of ascorbic acid, dopamine and 
uric acid. 
iii. To modulate the electrocatalytic properties of 3D printed electrodes towards 
oxidation of dopamine by an electrochemical activation method.   
iv. To investigate the use of 3D-printed electrodes as support of Ni-Fe 
(oxy)hydroxides catalysts for oxygen evolution reaction. 
 
 
Therefore, following are the consideration to what extent this thesis has addressed 
those objectives:  
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i. Photochemically reduced graphene oxide/Prussian blue composites were 
successfully obtained by using a lab-made photoreactor containing LEDs ( = 
400 nm). During the formation of the composite, GO was reduced 
simultaneously to the formation of PB with controlled shape, as confirmed by 
spectroscopic and microscopic characterization. 
ii. Glassy carbon electrodes were modified by drop casting suspension containing 
the composites. It resulted in stable films with electrocatalytic activity towards 
reduction of H2O2, as confirmed by cyclic voltammetry measurements. 
Additionally, a sensor for simultaneous detection of AA, DA and UA was 
developed, exhibiting a wide linear range and low detection limits. 
iii. Electrochemical activation of the 3D-printed electrodes was performed in 
different experimental conditions, resulting in surfaces with different amount of 
oxygen-containing functional groups, structural defects and morphologies, as 
confirmed by the characterization techniques. Consequently, the 
electrochemical properties of the activated electrodes were modulated. Then, the 
electrode with higher electrocatalytic activity was used for sensing dopamine. 
The performance of the proposed electrode was similar to those reported for 
graphene-based materials modified conventional electrodes. 
iv. Films of nickel and iron (oxy)hydroxides, with c.a. 90 nm thickness, were 
successfully electrodeposited on electrochemically activated 3D-printed 
electrodes, as confirmed by the characterization techniques. The modified 
electrodes exhibited a significantly less positive overpotential for the OER than 
a bare/unmodified 3DGrE and close to that of polycrystalline Ir. 
 
5.2. The main contributions 
Photochemical methods for synthesis of nanomaterials deserve great attention due to the 
possibility of temporal control, reaction rate modulation and spatial adjustment. In chapter II, 
we have reported for the first time a green and simple method for production of Prussian blue 
and reduced graphene oxide composites with controllable morphology and good stability using 
a system containing low-cost LEDs. We have highlighted the importance of the oxygen-
containing functionalities for anchoring PB nanocubes. Moreover, it was described that when 
reduction of GO and formation of PB occurs simultaneously, the stability and electrocatalytic 
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activity of the composite are higher than those of physical mixture of rGO and PB. Due to the 
specific interactions of the modifier with the analytes, the propose sensor was used for 
simultaneous detection of AA, DA and UA.  
Since the 3D-printed graphene/PLA electrodes are a new platform for sensing and 
energy applications, there are a few reports that investigate in depth their structural, 
spectroscopic, morphological characteristics, composition and activation methods. In this 
sense, this work was pioneering in use electrochemical methods to activate 3D-printed 
electrodes. We have shown that by varying the experimental condition of the pre-treatment, the 
structural, morphological and electrochemical properties of the electrodes can be modulated. 
Finally, this work depicted the high potential of the 3D-printed platforms to be modified 
with electrocatalytic coatings, which is not solely limited to studies on concerning the OER. 
With 3DGrEs being highly reproducible, adaptable and comparatively cheap we envision this 
technique being adapted for a plethora of bespoke research and industrial applications. 
 
5.3. Perspectives 
The following points summarize some ideas of how future works in 3D-printed 
electrodes can be built on what has been investigated in this thesis: 
 
i. Utilization of photochemical methods to modulate the properties of 3D-printed 
electrodes 
ii. Implementation of a benchmarking methodology to design, print and activate 3D-
printed electrodes. 
iii. Functionalization of the 3D-printed electrodes, immobilization of enzymes and 
antibodies to construct biosensors.  
iv.  Utilization of different methodologies for modification of the 3D-printed electrodes 
with coatings, such as drop-casting and spin-coating. 
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